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ABSTRACT 


A detailed revision of the cranial anatomy of 
Hybodus basanus is presented. Features of the cra- 
nial and visceral endoskeleton and associated der- 
mal elements are described. The neurocranium 
differs from that of modern and other fossil sharks, 
notably in the ethmoid and otico-occipital regions. 
The ethmoid regions of Hybodus and Xenacanthus 
are shown to be similar in some respects. The 
otico-occipital regions of Hybodus and Xenacan- 
thus differ profoundly in the topographical 
arrangement of the otic capsule, postorbital pro- 


cess, and lateral otic process. Topologically, the 


arrangement in Hybodus could be obtained by 
telescoping the otic capsules, lateral otic processes, 
and occiput of a Xenacanthus braincase between 
its postorbital processes. This imagined telescop- 
ing produces a “‘short” otic region in Hybodus, but 
the arrangement differs from that found in modern 
sharks. The jaws of Hybodus basanus have a strong 
ethmoidal articulation but lack a postorbital one; 
limited protraction of the jaws seems to have been 
possible. There are five large labial cartilages in 


each cheek. In some respects these labial cartilages 
resemble those of chimaeras, and various theories 
of homology between shark and chimaeroid labial 
cartilages are reviewed. The hyoid arch is peculiar 
in that the hyomandibula passes dorsal to the otic 
ramus of the palatoquadrate. Five branchial arches 
are present, but only their epi- and ceratobran- 
chials are described. A complete dentition is 
described and variation between the teeth is dis- 
cussed; variation seems sufficient to include H. 
ensis and H. parvidens as synonyms of H. basanus. 
Dermal scales from various parts of the head and 
mouth are also described. Although the absence 
of critical data for most fossil sharks makes it dif- 
ficult to establish a testable hypothesis of rela- 
tionship, an attempt is made to compare H. bas- 
anus with other sharks. Hybodus basanus is the 
only Mesozoic shark in which the cranial anatomy 
has been studied, and the author cautions other 
systematists against attaching too much weight to 
the notion that Hybodus is closely related to mod- 
ern sharks. 


INTRODUCTION 


Excellent cranial material of Hybodus ba- 
sanus has been known for many years, being 
described first by Egerton (1845). Yet it was 
more than 70 years before Woodward (1916) 
published an account of its cranial morphol- 
ogy. Since that time, no attempt has been 
made to obtain further data from this mate- 
rial, despite its excellent state of preservation, 
although it has been referred to from time to 
time (e.g., Smith, 1942; Patterson, 1966). The 
purpose of the present paper is to provide 
new data on the cranial anatomy of Hybodus 
basanus, and to compare this form with a 
range of other modern and fossil sharks. 

Chondrichthyan fishes have the poorest 
fossil record of any major vertebrate group. 
Throughout their geological history, chon- 
drichthyans usually are represented only by 
micromeric dermal scales, isolated teeth, and 
spines. With few exceptions (such as in men- 
aspoids and some myriacanthoids), well- 
developed macromeric dermal armor has not 
been a chondrichthyan hallmark. Addition- 
ally, the characteristic prismatically calcified 
perichondral layer of the chondrichthyan 
endoskeleton is extremely fragile in compar- 
ison with the bony endoskeleton of many 
other gnathostomes. Consequently, endo- 


skeletal remains of fossil chondrichthyans are 
uncommon and are usually disarticulated and 
fragmentary. As if this were not bad enough, 
however, there is ample evidence that on past 
occasions paleontologists have failed to rec- 
ognize prismatically calcified skeletal remains 
for what they are, even where these are well 
preserved (Maisey, in preparation). For many 
years, the only detailed studies of Paleozoic 
shark neurocrania were those of Gross (1937), 
Stensié (1937), and Romer (1964), and the 
only account of Mesozoic Hybodus cranial 
anatomy was that of Woodward (1916, 1919). 

Renewed interest in the comparative anat- 
omy and systematics of Recent elasmo- 
branchs (e.g., Compagno, 1973, 1977; 
Nakaya, 1975; Springer, 1979; Maisey, 1980) 
has fortuitously coincided with a period of 
great discovery regarding fossil chondrich- 
thyans (e.g., Zangerl, 1969, 1979; Zangerl and 
Case, 1973, 1976; Lund and Zangerl, 1974; 
Lund, 1974; Schaumberg, 1977; Baird, 1978; 
Dick, 1978; Dick and Maisey, 1980). Many 
of the taxa described in these works are new 
to science, and their interrelationships will 
undoubtedly be. the subject of lively debate 
for years to come. Little substantial progress 
is likely, however, until the systematics and 
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interrelationships of Recent sharks, rays, and 
chimaeras are refined, and until detailed 
comparative studies of the more complete 
fossil chondrichthyans are made (e.g., Schaef- 
fer, 1981). Already it is evident that there is 
as much diversity in the cranial anatomy of 
Paleozoic sharks as there is among modern 
ones. 

Hybodus customarily occupies an impor- 
tant position in systematic studies of sharks. 
It is acommon Mesozoic genus and is known 
from numerous unusually well-preserved 
specimens of Jurassic and Cretaceous age. 
Hybodus is similar to other Mesozoic genera, 
such as Acrodus, Asteracanthus, Lissodus, and 
Palaeobates, and it is generally agreed that 
all these forms are closely related (e.g., Day, 
1864; Woodward, 1889a; Brown, 1900; 
Koken, 1907; Zittel, 1911; Stromer, 1927; 
Brough, 1935; Peyer, 1946; Patterson, 1967; 
Rieppel, 1981; Maisey, 1982). These sharks 
(loosely termed “‘hybodonts’’) have on occa- 
sions been considered the ancestors of some 
or all modern sharks (see below). In com- 
parison with most fossil sharks, Hybodus and 
its allies are fairly well known (e.g., Brown, 
1900; Koken, 1907; Woodward, 1916; Riep- 
pel, 1981). By contrast with anatomical stud- 
ies of modern sharks, however, those dealing 
with Hybodus are superficial and frequently 
misleading. Inevitably, fossil taxa will be 
known in less detail than extant ones, yet as 
knowledge of modern sharks increases it is 
possible to obtain more comparative mor- 
phological data from the fossils. 
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ABBREVIATIONS 
INSTITUTIONAL: 


AMNH, American Museum of Natural History 

BM(NH), British Museum (Natural History) 

CMNH, Cleveland Museum of Natural History 

GSM, Geological Survey and Museum (United 
Kingdom) 

PU, Princeton University 

UM, University of Michigan 

UNMNH, University of Nebraska, Natural His- 
tory Museum 

USNM, National Museum of Natural History, 
Smithsonian Institution 


ANATOMICAL: 


acv, anterior cerebral vein 

add f, adductor fossa 

art cot, articular cotylus 

art k, articular knob 

art lab, articular labial 

art pr, articular process 

asc, anterior semicircular canal 

au lab, anterior upper labial 

bh, basihyal 

buc VII, buccal ramus of facial nerve 
cbr, ceratobranchial 

ch, ceratohyal 

cik, caudal internasal keel 

da, dorsal aorta 

den gr, dental groove 

dr pr, dorsal rostral process 

ebr, epibranchial 

ect pr, ectethmoid process 

eha, efferent hyoidean artery 

end f, endolymphatic (parietal) fossa 
epsa, efferent pseudobranchial artery 
ethp pr, ethmopalatine process 

facv, foramen for anterior cerebral vein 
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fa v, facial vein 

feha, foramen for efferent hyoidean artery 

fep, epiphyseal foramen 

fepsa, foramen for efferent pseudobranchial artery 

fhyp, hypophyseal foramen 

fica, foramen for internal carotid artery 

fida, foramen for lateral dorsal aorta 

fm, foramen magnum 

fonv, foramen for orbitonasal vein 

fora, foramen for orbital artery 

fpal VII, foramen for palatine ramus of facial nerve 

fson, foramina for spino-occipital nerves 

fsoph V, foramina for superficial ophthalmic ramus 
of trigeminal nerve 

gica, groove for internal carotid artery 

glda, groove for lateral dorsal aorta 

gora, groove for orbital artery 

hotl, hypotic lamina 

hsc, horizontal semicircular canal 

hym, hyomandibula 

hym art, hyomandibular articulation (braincase) 

hym VII, hyomandibular branch of facial nerve 

ica, internal carotid artery 

im con, internal mandibular concavity 

imr, internal mandibular ridge 

int s, internasal septum 

ioc, infraorbital canal 

jc, jugular canal 

lab, labial cartilage(s) 

1 com, lateral commissure 

Ilda, lateral dorsal aorta 

loph VII, lateral ophthalmic ramus of facial nerve 

lot pr, lateral otic process 

lw lab, lower labial 

Mc, Meckel’s cartilage 

mxa, maxillary artery 

mx V, maxillary ramus of trigeminal nerve 

nas cap, nasal capsule 

nas font, nasal fontanelle 

oc cot, occipital cotylus 

olf c, olfactory canal 

onv, orbitonasal vein 

opa, optic artery 

opha, ophthalmic artery 

ophv, ophthalmic vein 

or, orbit 

ora, orbital artery 

orv, orbital vein 

ot cap, otic capsule 

pal pr, palatine process (palatoquadrate) 

pnw, postnasal wall 

po pr, postorbital process 

pq, palatoquadrate 

prcf, precerebral fontanelle 

pref’, precerebral fossa (Xenacanthus) 

prf com, prefacial commissure 

prof V, profundus branch of trigeminal nerve 

psc, posterior semicircular canal 
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pu lab, posterior upper labial 
q con, quadrate concavity 

q fl, quadrate flange 

rb, rostral bar 

sub s, suborbital shelf 

sup c, supraorbital (laterosensory) canal 
sup cr, supraorbital crest 

tfr, trigemino-facialis recess 
II, optic nerve 

III, oculomotor nerve 

IV, trochlear nerve 

V, trigeminal nerve 

VI, abducens nerve 

XII, facial nerve 

IX, glossopharyngeal nerve 
X, vagus nerve 


MATERIALS AND METHODS 


Hybodus basanus was first discovered in 
the Atherfield Clay (lower Cretaceous) of the 
Isle of Wight, in southern England (Egerton, 
1845), but many subsequent discoveries were 
made elsewhere (fig. 1), notably near Bexhill 
on the Sussex coast (Woodward, 1889a). 
These remains include many uncrushed heads 
and some postcranial fragments, first 
described by Woodward (1916, 1919). 
Although the general collecting locality is 
known, the precise horizon is open to doubt. 
In a letter to Woodward dated May 26, 1915, 
Charles Dawson wrote: “If I remember rightly 
Beckles got his Hybodus from Cooden about 
two miles west of Bexhill, in Pevensey Bay 
but six or seven miles from Pevensey. Being 
a long-shore specimen it is of course difficult 
to fix the horizon... . It is by no means cer- 
tain that Beckles’ specimen came from the 
upper Wealden but it is quite 25 years since 
I saw this specimen. It is quite likely to be 
Ash(down) Sand.” 

Woodward (1916, p. 10) ignored Dawson’s 
information, however, and some lower Weal- 
den teeth and spines resembling those of H. 
basanus were not referred to that species, 
which Woodward thought was restricted to 
the ““Weald Clay” (which at that time included 
the Atherfield Clay). Patterson (1966, p. 292) 
also restricted H. basanus to the Weald Clay 
(Barremian) and Atherfield Clay (lower 
Aptian). 

The discovery of ostracods (fig. 26), iden- 
tified as Cypridea wicheri torosa Anderson, 
in the matrix of a Bexhill H. basanus head, 
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suggests that Dawson correctly surmised the 
stratigraphic level from which this material 
came. This ostracod ranges throughout the 
upper Purbeck series and is prolific (up to 
14% of the ostracod population) in the Bex- 
hill ostracod cycle of the lower Wealden 
(Valanginian), including the Ashdown Sand, 
but it is not recorded at higher stratigraphic 
levels (Anderson, 1971). The demonstrated 
range of H. basanus (Valanginian to lower 
Aptian) is therefore much greater than 
Woodward (1916) and Patterson (1966) sup- 
posed. This discovery is significant for two 
reasons. Firstly, some Wealden species of 
Hybodus based on isolated teeth were origi- 
nally distinguished from H. basanus largely 
on stratigraphic grounds that are now unten- 
able (see section below on teeth). Secondly, 
Cypridea is typically a brackish to fresh water 
ostracod (Anderson, 1971), and H. basanus 
may therefore have been able to tolerate a 
wide range of salinity, from fully marine 
(Atherfield Clay) to virtually fresh water 
(Ashdown Sand). 
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Simplified geological map of south-eastern England showing Hybodus basanus localities 


Improved preparation techniques provide 
an opportunity to reexamine H. basanus 
specimens previously considered physically 
intractable because they are embedded in a 
partially silicified ironstone matrix. They are 
preserved in three dimensions, often with 
minimal distortion. Even previously “use- 
less’? specimens have taken on new signifi- 
cance now they have been prepared, although 
only unsilicified matrix has yielded to thio- 
glycollic (mercaptoacetic) acid treatment (for 
techniques see Howie, 1974). 

In order to revise the cranial anatomy of 
HI. basanus, I have examined all the speci- 
mens in the British Museum (Nat. Hist.) col- 
lections. These were also available to Wood- 
ward, no new specimens having been acquired 
in the intervening years. Most of this material 
is listed by Woodward (1889a) and is not 
therefore itemized again here. However, cer- 
tain specimens require further mention. 

The holotype of H. basanus is not in the 
British Museum but is a Geological Survey 
specimen, GSM 27973. One of Beckles’s 
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specimens was exchanged by the British 
Museum and sent to the American Museum 
in 1967 [formerly one of a series catalogued 
as BM(NH) P6356, is now AMNH 4692]. 
The only specimen now designated P6356 is 
shown in figures 6, 7, 21, and 22. Two of the 
better specimens available to Woodward are 
BM(NH) P11870 and P13094, and his (1916) 
restoration is largely based on these. 

Much additional information has now been 
obtained from BM(NH) 40718 and P60110, 
both of which are now extensively prepared. 
BM(NH) 40718 has been dismantled so that 
its neurocranium can be examined. Although 
its dorsal surface (fig. 2A) is badly weathered, 
other regions are well preserved. The main 
importance of this specimen is the infor- 
mation it yields regarding the orbits, ethmoid 
region, and basicranium (figs. 2, 3, 10). The 
occiput is damaged, however, and P60110 
was prepared in order to discover more about 
that region. This specimen exceeded all 
expectations, since not only is the occiput 
well preserved (fig. 5), but the dorsal part of 
the braincase also reveals many interesting 
features, and the jaws and hyomandibula of 
the left side appear to be properly articulated. 
The right visceral elements are crushed over 
to the left and are damaged. Also, despite a 
generally good state of preservation, the 
orbital walls of P60110 are damaged. There- 
fore, P40718 remains the only reliable source 
of information concerning the orbit, and is 
so far the only specimen which clearly shows 
the inner surface of the palatoquadrates. 

The neurocranium of AMNH 4692 is badly 
damaged and provides little information, but 
preparation of its jaws revealed a complete 
dentition (fig. 7), which provided a basis for 
the restoration shown in figure 18. The entire 
roof of the buccal cavity is covered in scales, 
and removal of the basihyal revealed the 
scales covering the “‘tongue.”’ We have there- 
fore gained some information about the dis- 
tribution and variation of oropharyngeal 
scales in H. basanus. 

In addition to the specimens of H. basanus, 
I have been able to examine a semi-articu- 
lated Liasic hybodontid [BM(NH) P50869] 
which has been acid prepared to display its 
otico-occipital region and jaw suspensorium. 
I have also examined casts or peels of Brown’s 
(1900) H. fraasi, Koken’s (1907) H. hauffi- 
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anus, Teixeira’s (1956) H. cassangensis, K. 
S. Thomson’s (unpublished) Madagascan 
hybodont, specimens of Lissodus africanus, 
and specimens of an undescribed late Car- 
boniferous hybodont from Kansas. 


HISTORY OF HYBODONT 
SYSTEMATICS 


The type species of Hybodus, H. reticula- 
tus, is based on teeth (Agassiz, 1837), but 
another species, H. incurvus (based on a fin- 
spine), was thought to be synonymous. Sub- 
sequently, more complete remains of other 
species were described, e.g., the crushed neu- 
rocranium and jaws of H. delabechei (Wood- 
ward, 1889b), complete and partial skeletons 
of H. hauffianus (Fraas, 1889, 1896; Koken, 
1907), H. fraasi (Brown, 1900), and heads of 
H. basanus (Egerton, 1845; Woodward, 1916, 
1919). Although Agassiz placed Hybodus and 
Acrodus in separate families, he was no doubt 
aware of Owen’s histological studies (pub- 
lished in 1840) showing that both genera have 
osteodont teeth. Day (1864) showed that Ac- 
rodus anningiae had finspines like those at- 
tributed to Hybodus. Subsequently, many au- 
thors have placed these genera close to 
Heterodontus (“‘Cestracion’’), because of sim- 
ilarities in the teeth of Acrodus and Hetero- 
dontus. For example, Woodward (1889a) 
placed Heterodontus, Hybodus, Acrodus, and 
various other Mesozoic and Paleozoic genera 
into a family Cestraciontidae, which was 
united with all living “‘asterospondylous” 
sharks, but was separate from remaining “‘cy- 
clospondylous”’ forms (squaloids, Squatina, 
and batoids). Elsewhere, Woodward (1886b) 
suggested that hexanchoids and Chlamydo- 
selachus were derived from Hybodus. This 
concept is almost as recurrent in the literature 
as the hypothesis of a relationship with Het- 
erodontus, and is based on supposed simi- 
larities between the jaws of hexanchoids, Sy- 
nechodus, and Hybodus (e.g., Woodward, 
1886a, 1898; Brown, 1900; Goodrich, 1909; 
Smith, 1942). These hypotheses went a long 
way in establishing the long-held view that 
Heterodontus, Chlamydoselachus, and hex- 
anchoids are very primitive modern sharks. 

Zittel (1911) first separated Hybodus and 
its allies from modern elasmobranchs, 
although he maintained that Hybodus 
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belonged to the group which gave rise to 
modern forms. Brough (1935) took this view 
further, and attempted to show that hybo- 
donts and modern sharks were only distantly 
related. Moy-Thomas (1939a, 1939b) also 
retained hybodonts as a separate group. Cur- 
iously, in later years Heterodontus has crept 
back into the taxon containing Hybodus (e.g., 
Berg, 1955; Young, 1962; Patterson, 1967; 
Blot, 1969), although in only one of these 
classifications (Blot, 1969) have the hexan- 
choids and Chlamydoselachus also been 
included with Hybodus. Up to the present 
time, therefore, there is no agreement as to 
whether hybodonts form a monophyletic 
group if modern sharks are excluded. Taking 
earlier hypotheses of relationship, and couch- 
ing them in cladistic terms we find that 
Woodward (1889a) considered squaloids, 
Squatina, and batoids to be the sister group 
of Hybodus and remaining modern elasmo- 
branchs. Furthermore, he made hexanchoids 
the sister group of Hybodus, Heterodontus, 
and galeomorphs (sensu Compagno, 1973). 
Glikman (1964) regarded Hybodus and lam- 
noids as a sister group of other modern elas- 
mobranchs. Brown (1900) and Goodrich 
(1909) made hexanchoids the sister groups of 
Hybodus and remaining living elasmo- 
branchs. Whereas Brown (1900) separated 
Hybodus from non-hexanchoid modern 
forms, however, Goodrich (1909) united 
Hybodus and Heterodontus. According to 
Brough (1935) and Moy-Thomas (1939a, 
1939b), Hybodus is the sister group of all 
modern elasmobranchs (neoselachians of 
Compagno, 1977). Another popular view is 
that batoids are the sister group of Hybodus 
and modern sharks (e.g., Regan, 1906; White, 
1937; Romer, 1945; Berg, 1955; Patterson, 
1967). 

Since Hybodus is founded on isolated teeth 
(Agassiz, 1837), there is always some possi- 
bility that the form studied here is not closely 
allied to the type species. Elsewhere (Maisey, 
1982), I have shown that earlier confusion of 
the fossil selachian Synechodus with Hybodus 
created a major obstacle in trying to elucidate 
the relationships of Hybodus and modern 
elasmobranchs (see Smith, 1942). How “‘typ- 
ical” of Mesozoic hybodonts is H. basanus? 
Its tooth morphology is consistent with that 
of Jurassic hybodonts, including H. reticu- 
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latus (the type species), and in many other 
respects its dermal scales, cephalic spines, and 
finspines are like those of Jurassic forms. 
Moreover one specimen of H. reticulatus, 
BM(NH) P22034d, consists of teeth associated 
with an occipital region which, as far as can 
be determined, closely resembles that of H. 
basanus. Therefore it is not unreasonable to 
suppose that H. basanus resembles many 
other Mesozoic hybodonts in its cranial anat- 
omy; a preliminary comparison with H. hauf- 
fianus, H. fraasi, and H. delabechei corrob- 
orates this view (Maisey, 1982), which can 
be tested as further remains are discovered. 


THE NEUROCRANIUM 
GENERAL FEATURES 


In profile, the neurocranium is weakly 
wedge-shaped (figs. 2-5, 8, 9). The orbito- 
temporal region inclines steeply down toward 
the nose, but the basicranium slopes forward 
only slightly. From the front, the head has an 
almost mammalian expression, produced by 
the large, downturned postorbital processes 
which superficially resemble an incomplete 
zygomatic arch (po pr, figs. 3D, 6B, 8D, 9D). 
The maximum width of the neurocranium 
(between the postorbital processes) is only 
slightly less than its length. This is not appar- 
ent in many specimens, however, as the post- 
orbital region often was damaged by erosion 
and therefore seems narrower. The orbits are 
ovoid and the supraorbital shelf is well devel- 
oped. Woodward’s (1916) restoration does 
not show the postnasal wall correctly, or the 
slight forward inclination of the distal part of 
the postorbital process. These features give 
the orbit an oval rather than semicircular 
shape. The precerebral fontanelle is rounded 
and the olfactory capsules were placed a mod- 
erate distance apart. 

The cranial morphology of modern elas- 
mobranchs is somewhat variable (Garman, 
1913; White, 1937; Holmgren, 1941; Com- 
pagno, 1973, 1977). Forms such as Noto- 
rhynchus, Chlamydoselachus, Squatina, 
Scyliorhinus, and Odontaspis have broad, 
squat braincases, in which the orbit takes up 
a third or more of the total length, and which 
are generally broadest at the level of the post- 
orbital processes. In many of these forms 


8 AMERICAN MUSEUM NOVITATES NO. 2758 


Fic. 2. Hybodus basanus, BM(NH) 40718; cranium and jaws in (a) dorsal; (b) ventral; and (c) left 


lateral views. 


(Odontaspis excepted), a rostrum is weakly 
developed. In all these forms, the precerebral 
fontanelle is fairly broad, and the olfactory 
capsules are well separated from each other, 
especially in Squatina (Iselstoger, 1937). In 
many other modern elasmobranchs, the pre- 


cerebral fontanelle is relatively narrow, and 
the mesial walls of the olfactory capsules more 
nearly approach the midline, e.g., Scymno- 
rhinus, Oxynotus, Etmopterus, Somniosus, 
Heptanchus, Mustelus, Chiloscyllium, Het- 
erodontus, Isurus, and Urolophus. In Heter- 
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Fic. 3. Hybodus basanus, BM(NH) 40718; braincase only, in (a) dorsal; (b) ventral; (c) anterior; and 


(d) left lateral views. 


odontus, Orectolobus, and Rhiniodon the 
neurocranium has a somewhat rectangular 
outline in dorsal view, because the width 
across the postorbital processes is virtually 
equaled by the width across the olfactory cap- 
sules. To some extent this is also true in 
Squatina, and in Pristiophorus and batoids 
the postorbital processes are reduced, so that 
the broadest part of the neurocranium is 
across the olfactory capsules. In lamnoids, 
the postorbital process generally forms the 


broadest part of the neurocranium (e.g., 
Cetorhinus, Lamna, Isurus, Carcharodon), 
although in Odontaspis, Alopias, and Mit- 
sukurina the postnasal wall may be almost 
as broad as the postorbital region. In car- 
charhinids, the postorbital process is small; 
in specialized forms, such as Sphyrna, the 
postnasal wall is greatly expanded laterally, 
contributing to the characteristic hammer- 
shaped head. 

Among fossil sharks, there is also consid- 
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Fic. 4. Hybodus basanus, BM(NH) P60110; cranium and jaws in (a) dorsal; (b) ventral; and (c) left 
lateral views. Note that the anterior portions of the palatoquadrate remain in situ in (b), but the remainder 
of the jaws have been removed. Hyomandibula of this specimen is shown separately in (d) left lateral 
and (e) posterior views. 
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erable variation in the overall form of the 
braincase (fig. 15). In Xenacanthus and Ta- 
miobatis, the postorbital process forms the 
broadest region, although Schaeffer (1981, 
figs. 5, 6) restores Xenacanthus with slightly 
broader lateral otic processes; the difference 
is not great, however. “‘Cladodus” wildun- 
gensis has been restored similarly (Schaeffer, 
1981, figs. 12, 25), although the size of the 
lateral otic processes is unknown. In Cobelo- 
dus, the postorbital. processes form delicate 
arcades only slightly broader than the post- 
nasal wall (Zangerl and Case, 1976). The 
postorbital processes of Tristychius also form 
a delicate arcade, but this is reinforced ven- 
trally by broad suborbital shelves (Dick, 1978, 
fig. 9). In most of these fossil sharks, the pre- 
cerebral fontanelle is relatively as wide as in 
Hybodus, and the olfactory capsules are cor- 
respondingly far apart. In Cobelodus, how- 
ever, and to some extent in Tristychius, the 
precerebral fontanelle is narrow in relation 
to its length, and the olfactory capsules seem 
to have been closer together than in Hybodus 
basanus, Xenacanthus, and Tamiobatis. 
Comparing the braincase of H. basanus 
with those of other fossil and Recent sharks, 


Fia. 5. 


most agreement in general morphology is 
found with Xenacanthus and Tamiobatis, 
apart from certain peculiarities of Hybodus 
(particularly in the ethmoid and otico-occip- 
ital regions, discussed later). There are im- 
portant differences in the relative lengths of 
these braincases, and in the relative positions 
of the otic capsules, postorbital processes, and 
lateral otic processes. Nevertheless, ifa brain- 
case like that of Tamiobatis is imagined to 
undergo a topological modification by shunt- 
ing the entire otico-occipital region forward 
between the postorbital processes (so that the 
otic capsules lie between the postorbital pro- 
cesses), the end product would be very much 
like the braincase of H. basanus. The orbi- 
totemporal and ethmoid regions of H. bas- 
anus closely resemble those of Yenacanthus 
and Tamiobatis, apart from bulbous eth- 
mopalatine processes (see below), which have 
developed on either side of the internasal plate 
in H. basanus. 


ETHMOID REGION 


In both specimens of H. basanus where the 
ethmoid region (including olfactory canals 
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Hybodus basanus, BM(NH) P60110, in posterior view. 
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Fic. 6. Hybodus basanus specimens; (a, b) BM(NH) 6356 in left lateral and anterior views; (c, d, e) 
BM(NH) P11870 (after Woodward, 1916). 
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and rostrum) has been prepared [BM(NH) 
40718 and P601 10], the neurocranium is well 
calcified (figs. 2C, 3, 4A, C, 10, 13, 14). These 
specimens are considerably smaller than the 
largest [BM(NH) P31726], which suggests that 
the ethmoid region became calcified rela- 
tively early in development. It is not possible 
to establish whether this region was among 
the last to calcify, as it is in Squalus (Benzer, 
1944). Smaller specimens of Xenacanthus also 
have well calcified ethmoidal regions (Schaef- 
fer, 1981). 

The ethmoid region of H. basanus con- 
tributes to only about one-quarter of the whole 
length of the braincase (figs. 8, 9), and is 
therefore comparatively shorter than in most 
living sharks. In Tristychius, however, the 
ethmoid region also constitutes only a quar- 
ter of the braincase length (Dick, 1978), and 
in Cobelodus (Zangerl and Case, 1976), Ta- 
miobatis (Romer, 1964), and Xenacanthus 
(Schaeffer, 1981) the proportion is even lower 
(fig. 15). 

Nasal capsules are not well preserved, and 
consequently their former extent in H. ba- 
sanus can only be guessed at. The olfactory 
canals are quite short, but are wide, suggest- 
ing that nasal capsules were well developed, 
and that the olfactory sense was fairly acute 
(olfc, figs. 3, 9, 10). The nasal capsules would 
have been spaced widely apart (fig. 12d) and 
separated by a broad internasal lamina (Jar- 
vik, 1942), which forms the floor (=solum 
cavi praecerebralis of Allis, 1913) of the pre- 
cerebral fontanelle (cavum praecerebrale). The 
ventral portions of the olfactory canals are 
visible in BM(NH) 40718 as anterolaterally 
directed depressions on each side of the in- 
ternasal plate (fig. 10C). There does not seem 
to have been a calcified mesial wall to these 
canals, so that they now appear to be contin- 
uous with the precerebral fontanelle. The 
broken margin of a cartilaginous roof over 
the nasal capsule is visible on the right side 
of BM(NH) 40718. In this area there is also 
evidence for the floor of a canal, probably for 
an anteromedially directed branch of the lat- 
eral ophthalmic nerve, which was presum- 
ably enclosed by cartilage for more ofits length 
than in modern elasmobranchs. Immediately 
behind the vicinity of the olfactory canal are 
other foramina defining the position of a more 
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lateral branch of the same nerve. In most of 
the specimens of Xenacanthus studied by 
Schaeffer (1981), postmortem damage has 
obliterated traces of the precerebral fossa 
opening into the cranial cavity. In UM 16194 
and PU 22391B, however, calcified cartilage 
extends ventrally from the rim of the pre- 
cerebral fontanelle (prcf) defining a smaller 
precerebral fossa (prcf’, figs. 11, 14). Xena- 
canthus is unusual in having this part of the 
cranial roof folded inward. In some lamnoids 
the precerebral fossa is almost completely 
closed by cartilage, however, leaving only an 
opening for the pineal organ, e.g., Cetorhinus. 

In the rim of the precerebral fontanelle of 
Xenacanthus is a pair of foramina. One of 
these has been traced back to the canal for 
the lateral ophthalmic nerve in UM 16194 
(loph VII, fig. 11). A comparable branch of 
this nerve has not been reported in modern 
elasmobranchs but may have been present in 
Hybodus (above). There is little hope of rec- 
ognizing it in fossils where the fontanelle wall 
is not inflected, unless (as in H. basanus) a 
canal for the nerve is preserved. 

The anterolateral margin of the internasal 
septum in H. basanus is recessed at the ex- 
ternal opening of the olfactory canal into a 
broader cavity. This would have housed either 
the olfactory bulb or the entire capsule (olf c, 
figs. 10, 12D, E). Posterior to this recess, the 
internasal septum (int s, figs. 3, 9, 10) merges 
with a short dorsal process (dr pr, discussed 
at length below). The relationships of this 
recess to the above-mentioned structures sug- 
gest that it represents the inner margin of a 
nasal fontanelle, which in Chlamydoselachus 
is said by Allis (1923, p. 132) to be homol- 
ogous with the fenestra choanalis of amphib- 
ians, despite the absence of a choanal tube 
(Jarvik, 1942, p. 252). There is no evidence 
for a cartilaginous bridge defining the lateral 
wall of the nasal fontanelle and separating it 
from the fenestra endonaria in H. basanus;, 
if present, it was probably too delicate to pre- 
serve. Remains of the olfactory capsule itself, 
or of an ala nasalis, have not been found. 

The anterior part of the internasal septum 
is exposed beneath the precerebral fontanelle 
in BM(NB) 40718, but its anterior extremity 
is incomplete. Anteriorly, the dorsal surface 


14 AMERICAN MUSEUM NOVITATES 


of the internasal septum (the dorsal rostral 
process, dr pr, fig. 3) is produced into a short 
rostral bar (rb, figs. 3C, 10C, 12D, E), an 
essentially separate feature from the caudal 
keel (cik) which lies farther ventrally (see be- 
low). It is the rostral bar which is figured as 
a curious bump on the snout by Woodward 
(1916, text fig. 3; pl. II, fig. 1; see fig. 6C here). 
The anterior margin of the precerebral fon- 
tanelle is defined by the front of the internasal 
septum, as in Chlamydoselachus, and is up- 
turned slightly (relative to the rest of the fon- 
tanelle floor, fig. 12A). In BM(NH) 40718, 
this floor is crossed by an almost straight 
transverse ridge, corresponding to the level 
at which large ethmopalatine processes (dis- 
cussed below) meet the ventral surface of the 
internasal septum (fig. 10C). It is uncertain 
whether this ridge was present in life, or 
whether it is an artifact produced by down- 
ward distortion of the rostral process. The 
cartilage is broken in places along this ridge, 
however, suggesting that some distortion has 
occurred. 

A few millimeters behind this transverse 
ridge, a pair of small foramina penetrate the 
floor of the fontanelle (fig. 10C, facv). These 
foramina are peculiar in lying so far forward 
in the basicranium. In specimens of Xen- 
acanthus examined by Schaeffer (1981) the 
fontanelle floor was not well preserved, but 
in UM 16194 this area is intact (fig. 11), and 
there is evidence of anteriorly positioned 
foramina, as in H. basanus. Not enough of 
the fontanelle floor is preserved in Tamio- 
batis to determine whether this form was 
similar. The ethmoid region is also incom- 
plete in “‘Cladodus”’ specimens (Stensi6, 1937; 
Gross, 1937). In Tristychius, the ethmoid re- 
gion is known in some detail (Dick, 1978), 
but the floor of the anterior fontanelle has not 
been described. Zangerl and Case (1976) have 
described some features of the endocranial 
wall in Cobelodus, but were unable to ex- 
amine the ethmoid region. The foramina in 
the fontanelle floor of H. basanus open lat- 
erally into short canals before turning pos- 
terolaterally. They also give off anteriorly di- 
rected rami which apparently end blindly, 
although their precise courses are difficult to 
follow without destroying the specimen. Fur- 
ther discussion of these canals and foramina 
is left until the ethmoid region is described 
more completely (see below). 
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In Hybodus basanus, the ventral surface of 
the internasal septum is folded into a median 
caudal keel (cik, figs. 3B, 4B, 8B, 9B, 10A, 
12E, F, 13A). The floor of the precerebral 
fontanelle is not folded into this keel. Thus 
the dorsal surface of the internasal septum is 
not involved in the caudal keel, but remains 
relatively flat. The caudal keel of H. basanus 
closely resembles that of Xenacanthus and 
Tamiobatis (cf. fig. 13A, B). Schaeffer (1981) 
identifies this caudal keel as part of the ros- 
trum in Xenacanthus, fused with the inter- 
nasal septum, postnasal wall (=‘“‘preorbital 
processes’’) and nasal capsules. 

The ontogeny of rostral structures in mod- 
ern elasmobranchs can vary considerably, but 
the medial parts at least seem to originate as 
forward outgrowths of the trabeculae (e.g., 
Scyliorhinus, De Beer, 1937, p. 52; Squalus, 
Holmgren, 1940; Jollie, 1971) although the 
median rostral keel thus formed often chon- 
drifies separately from the rest of the brain- 
case. 

In Hybodus basanus, the median internasal 
keel is separated from the anterior lip of the 
precerebral fontanelle by an embayment in 
the cartilage. The keel is therefore ventral to 
that part of the cranium corresponding to the 
“rostral bar’ (Jarvik, 1942) of Chlamydo- 
selachus, in which a median internasal keel 
is absent even in the earliest embryos studied 
(Holmgren, 1941). 

It therefore appears that the internasal keel 
of H. basanus, Xenacanthus, and Tamiobatis 
corresponds with the ventral part of the in- 
ternasal septum of modern elasmobranchs. 
While various rostral structures are devel- 
oped from the internasal septum in modern 
forms, however, there is no evidence that the 
internasal keel of Hybodus and Xenacanthus 
contributed to the rostrum. Instead there is 
evidence that the keel is actually situated far- 
ther ventrally than the rostrum of modern 
elasmobranchs (fig. 12B, E). The dorsal ros- 
tral process of H. basanus is more likely the 
equivalent of the median rostral element in 
modern elasmobranchs. The ventral keel in 
H. basanus, Xenacanthus, and Tamiobatis 
seems to represent an important structure in 
relation to jaw support in the ethmoid region 
(see below). In Tristychius, the ventral surface 
of the ethmoid region is poorly known, but 
has been restored completely flat, with no 
trace of a median keel (Dick, 1978). The pal- 
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atoquadrates are restored meeting at the mid- 
line beneath the rostrum, however, and there 
is evidence of a strong ethmoidal articulation 
(“‘orbital’”’ process of Dick, 1978) on the pal- 


atoquadrate. How this would have articulat-. 


ed with a flat ethmoid region is unclear. In 
Cobelodus, the ethmoid region is very short, 
and appears to be located a long way ventral 
to the spatulate rostrum (Zangerl and Case, 
1976). The internasal septum is deep, but is 
shorter than in H. basanus, Xenacanthus, and 
Tamiobatis, and a ventral keel is apparently 
absent. 

Beneath the dorsal rostral process of H. 
basanus and arising essentially from the sides 
of the caudal keel are large, bulbous swellings 
(ethp pr, figs. 3B—D, 8B—D, 9B-D, 10, 12E, 
F, 13A, 14A). These are termed ethmopal- 
atine processes, because of their position and 
their relationship with the palatoquadrates. 
The ethmopalatine processes lie ventral to 
the precerebral fontanelle and to the nasal 
capsules. At the posterior ventrolateral mar- 
gin of the postnasal wall (Jarvik, 1942, = 
“‘antorbital wall’’ of other authors) is another, 
smaller dorsal ethmoidal process, which is 
separated from the ethmopalatine process by 
a deep, anteroposteriorly oriented groove. The 
identity of these processes is discussed further 
below. Posteriorly the ethmopalatine process 
flairs into the postnasal wall and does not 
contribute to the more dorsal process. 

The ventral surface of the caudal keel 
merges with lateral palatobasal ridges, which 
form suborbital shelves (sub s, figs. 3, 13). 
The keel is separated from the ethmopalatine 
process on each side by a deep, rounded 
groove or depression (fig. 8C, D), which is 
occupied by the dorsal margin of the palatine 
ramus of the palatoquadrate (fig. 16). Con- 
siderable buttressing of the jaws against the 
ethmoid region is therefore evident in H. ba- 
sanus, and Woodward’s (1916) statement that 
the “‘pterygoquadrate cartilage (is) not artic- 
ulated with the preorbital region of the skull’ 
is untenable. In addition to this support given 
to the palatoquadrates, these elements are also 
buttressed against each side of the caudal keel 
farther anteriorly (figs. 3B, 4B, 16). 

In the preceding paragraphs, the topo- 
graphic relationships of the lateral processes 
on the ethmoidal region of H. basanus were 
discussed, but further comments on their 
identity are called for. We have seen that there 
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are two prominent processes, one (the eth- 
mopalatine process) arising laterally from the 
internasal wall, and a smaller one extending 
posterolaterally from the margin of the post- 
nasal wall. This smaller process resembles the 
ectethmoid process of Chlamydoselachus in 
this respect. 

The position of the orbitonasal canal is im- 
portant, since DeBeer (1931) noted that car- 
tilage lateral to it “is the planum antorbitale, 
springing from the lamina orbitonasalis or 
ethmoid process.”’ His /amina orbitonasalis 
corresponds to the processus antorbitalis of 
Gaupp (1905) and Goodrich (1930), accord- 
ing to Jarvik (1942), who points out that the 
lamina orbitonasalis forms only part of the 
postnasal wall, and is merely an embryonic 
process of the trabecula. 

In Hybodus basanus [BM(NH) 40718], 
there are several small foramina in the post- 
nasal wall, and their interpretation is there- 
fore a little ambiguous (figs. 8C, 9C, 10B, 
12E, 13A). Before these foramina are dis- 
cussed, some attention will be given to the 
innervation and vascularization of the eth- 
moid region in Recent elasmobranchs. 

The ethmoid region of Chlamydoselachus 
has, according to Allis’s (1923) and Jarvik’s 
(1942) accounts, three principal groups of 
nerves and blood vessels passing through or 
around it (fig. 12B, E). There is a superficial 
group of structures, comprising the maxillary 
artery, facial vein, and rami buccalis lateralis 
and maxillaris V. These all pass lateral to the 
ectethmoid process, although the vein and 
artery send branches mesially into the nasal 
vacuity, via an aperture in the lateral margin 
of the nasal fontanelle (see Jarvik, 1942, figs. 
2, 4). Within the orbit is a dorsal group of 
structures, including the ophthalmic artery 
and vein, and the ramus ophthalmicus la- 
teralis, all passing through the preorbital ca- 
nal. More centrally in the orbit, the postnasal 
wall is penetrated by the orbitonasal and an- 
terior cerebral veins and by the profundus 
nerve. In Chlamydoselachus, the profundus 
nerve and anterior cerebral vein are close to- 
gether, and their foramina may be confluent 
(Iselstoger, 1937; Holmgren, 1941). These dif- 
ferences may be accounted for by a slight shift 
in the profundus nerve relative to the blood 
vessels. In other Recent sharks (except Squat- 
ina, see below) the profundus nerve, orbito- 
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nasal vein, and anterior cerebral vein enter 
the postnasal wall separately. 

BM(NH) 40718 does not show the orbital 
opening of the preorbital canal at all clearly, 
but it is more readily discernible in BM(NH) 
P60110. Hybodus basanus therefore proba- 


bly had a preorbital canal like that of modern — 


sharks. Although we may infer that other 
structures, such as buccalis lateralis VII and 
maxillaris V, maxillary artery and facial vein 
also lay superficial to the chondrocranium, 
there is no direct evidence for these (fig. 12D- 


Above and immediately behind each large 
ethmopalatine process in BM(NH) 40718, a 
foramen opens into a canal which passes an- 
teriorly and then starts to swing mesially 
within the cartilage on each side of the post- 
nasal wall. Without damaging the specimen 
irreparably, it was impossible to trace these 
canals for their full extent, but (as far as can 
be determined) they come close to meeting 
other posterolaterally directed canals running 
from the peculiar pair of foramina in the floor 
of the precerebral fontanelle (figs. 9, 10, facv) 
mentioned earlier. These foramina do not 
penetrate the internasal septum ventrally and 
cannot therefore represent small basal com- 
municating canals. The foramina each lie in 
a gentle concavity leading toward the olfac- 
tory region, and are probably situated in the 
floor of the olfactory canal (fig. 10C). Com- 
parison with Chlamydoselachus (Jarvik, 1942, 
fig. 3) suggests that the anterior cerebral veins 
passed from the olfactory canal via these fo- 
ramina in the fontanelle floor (fig. 12A, D). 
This interpretation implies that the area re- 
ferred to as the ‘“‘fontanelle floor” of H. basa- 
nus is in part intracranial, and that the actual 
extracranial area was more restricted in life. 
Furthermore, this interpretation suggests that 
the foramen close to the posterior end of the 
ethmopalatine process contained the anterior 
cerebral vein. This vessel would thus have 
left the cranial cavity farther laterally than in 
any modern elasmobranch. 

Other foramina in the postnasal wall are 
small and not well preserved in BM(NH) 
40718. They are studied best under ultravi- 
olet light. There may have been separate fo- 
ramina for the orbitonasal vein and profun- 
dus nerve, although it is difficult to distinguish 
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their foramina from small areas of broken 
cartilage, and only one foramen on each side 
is well preserved. Thus we cannot rule out 
the possibility that both orbitonasal vein and 
profundus nerve passed through a common 
foramen, as in Squatina (Iselstoger, 1937). 
Another possibility is that the profundus 
nerve entered the postnasal wall, but that the 
orbitonasal vein ran along the deep groove 
between the dorsal ectethmoid process and 
more ventral ethmopalatine process. I think 
that this is unlikely, in the light of DeBeer’s 
(1931) comments (see above), since this would 
imply that there is no cartilaginous planum 
antorbitale lateral to the orbitonasal vein, and 
that consequently an ectethmoid process like 
that of Recent sharks is absent in H. basanus. 
This would leave the process I have identified 
as an ectethmoid without an explanation. As 
a further possibility, the anterior cerebral and 
orbitonasal veins may have combined within 
the postnasal wall, to share a common exit 
into the orbit on their way toward the orbital 
sinus. In support of this, the canal in the post- 
nasal wall appears to divide, one branch turn- 
ing mesially toward the foramina and canals 
in the floor of the precerebral fontanelle, 
whereas the other branch passes anteriorly 
toward the nasal cavity. In Chlamydosela- 
chus, the orbitonasal canal penetrates the 
postnasal wall and its vein emerges into the 
nasal cavity but is separate from the anterior 
cerebral vein. I do not think the anterior 
branch of this canal in H. basanus contained 
the profundus nerve (although such a con- 
dition prevails in Squatina), because the ca- 
nal does not emerge on the surface behind 
the nasal cavity, but rather seems to pass into 
it. In figure 12E the orbitonasal vein, anterior 
cerebral vein, and profundus nerve are shown 
with separate foramina. 

As already mentioned, H. basanus lacks a 
basal communicating canal (=subnasal or 
rostral fenestra; Schaeffer, 1981). These 
openings are typical of squaloids, Heptran- 
chias, and Pristiophorus (Holmgren, 1941) but 
other modern elasmobranchs lack them. Bas- 
al communicating canals are also absent in 
Xenacanthus, Tamiobatis, and “‘Cladodus”’ 
(Schaeffer, 1981). According to Dick (1978), 
these canals are absent in Jristychius. Ra- 
diographs of Cobelodus neurocrania enabled 
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Zangerl and Case (1976) to establish that its 
ethmoid region is short and blunt, with an 
opening (the precerebral fontanelle) dorsally, 
but without other openings. It is therefore 
concluded that basal communicating canals 
were also absent in Cobelodus. Available data 
consequently suggest that basal communi- 
cating canals are present only in certain mod- 
ern sharks. It has been suggested that the 
presence of these openings is related to the 
size of the nasal capsules (Holmgren and 
Stensiéd, 1936; Holmgren, 1941; Jarvik, 1942). 
It has also been proposed that the basal com- 
municating canal is a synapomorphy of some 
modern sharks (Maisey, 1980). 

It is possible to make detailed comparisons 
between the postnasal walls of H. basanus, 
BM(NH) 40718, P60110, and Xenacanthus 
sp., PU 22391B. The last specimen has only 
part of the postnasal wall intact (pnw, figs. 
13B, 14B), but is undistorted by compaction, 
unlike most other Xenacanthus specimens. 
There is a large foramen for the preorbital 
canal, and also three smaller foramina, which 
seem to correspond with those for the pro- 
fundus nerve, orbitonasal vein, and anterior 
cerebral vein in most modern elasmobranchs 
(Chlamydoselachus and Squatina excepted; 
see above). The inferred presence of a canal 
for the orbitonasal vein in Xenacanthus sug- 
gests, according to DeBeer’s (1931) criteria, 
that an ectethmoid process was present (cf. 
Schaeffer, 1981). The internasal keel of Xen- 
acanthus tapers rapidly forward beneath the 
postnasal wall, as in H. basanus. The keel is 
somewhat deeper and narrower in PU 22391B 
than Schaeffer’s (1981, fig. 8A) restoration 
suggests (fig. 13B). Examination of H. ba- 
sanus, BM(NH) 40718 and Xenacanthus sp., 
PU 22391B, in section shows how similar the 
depth and width of the ventral internasal keel 
is in these forms (fig. 13). The most significant 
difference between them is the presence of a 
broad ethmopalatine process on each side of 
the internasal keel in H. basanus. Neverthe- 
less, in Xenacanthus the postnasal wall bulges 
laterally, above the internasal keel, before 
merging with the interorbital septum farther 
posteriorly, thus forming a deep sulcus on 
each side of.the ethmoid region, ventral to 
the posterior margin of the precerebral fon- 
tanelle. This sulcus would have housed the 
palatine ramus of the palatoquadrate, and 
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corresponds to the groove beneath the eth- 
mopalatine process of H. basanus. The eth- 
moid regions of H. basanus and Xenacanthus 
are therefore similar, apart from the presence 
of the larger ethmopalatine process in H. ba- 
sanus. 

Dick (1978) interpreted a process on the 
postnasal wall of Tristychius as a “‘preorbital 
process,”’ but did not determine the location 
of the orbitonasal vein. Nevertheless, from 
the general form and position of this process, 
it seems reasonable to regard it as an ecteth- 
moid process. No comparable process has 
been described in Cobelodus or Cladoselache, 
perhaps for preservational reasons. 

The epiphyseal foramen of H. basanus is 
located in the dorsal midline, just behind the 
precerebral fontanelle (fep, figs. 3A, 8A, 9A). 
A separate epiphyseal foramen also occurs in 
modern squaloids, hexanchoids, and scylio- 
rhinids, but is absent in Heterodontus, triak- 
ids, most carcharhinids, lamnoids, and orec- 
toloboids. It is also absent in ‘“‘Cladodus,” 
Tamiobatis, and Xenacanthus (Stensi6, 1937; 
Gross, 1937; Romer, 1964; Schaeffer, 1981), 
Tristychius (Dick, 1978), and apparently also 
in Cobelodus (Zangerl and Case, 1976). In 
those forms without a separate epiphyseal fo- 
ramen, the pineal organ may have lain within 
the posterior margin of the precerebral fon- 
tanelle, as in Chiloscyllium and Orectolobus 
(Holmgren, 1941, figs. 40, 42). There is some 
evidence for this in Xenacanthus (figs. 11, 
14). 

The structure of the ethmoid region in Hyb- 
odus and Xenacanthus suggests that Jarvik’s 
(1942, pp. 387, 388) conclusions regarding 
the ethmoid region of porolepiform os- 
teichthyans and sharks require some modi- 
fication. In at least two respects, the ethmoid 
regions of Hybodus and Xenacanthus resem- 
ble those of porolepiforms more than that of 
Chlamydoselachus, a median caudal keel is 
developed in the ventral expansion of the in- 
ternasal septum (fig. 9, cik), and the palato- 
quadrates do not meet at a strong symphysis. 
These similarities are interpreted here as 
primitive gnathostome characters, which are 
apomorphically lost or modified in Chlam- 
ydoselachus and other modern elasmo- 
branchs. This apomorphic condition of the 
ethmoid region in Chlamydoselachus there- 
fore exacerbates rather than emphasizes the 
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differences between the snout of porolepi- 
forms and sharks, which are thus primitively 
more alike than Jarvik (1942) supposed. This 
conclusion casts doubt upon the phylogenetic 
significance of some of the similarities which 
Jarvik (1942, 1980) noted between the eth- 
moid region of porolepiforms and other os- 
teichthyans, including tetrapods. 

When the ethmoid regions of Hybodus and 
Porolepis are compared (e.g., Jarvik, 1942, 
fig. 37; cf. figs. 10, 12, here) some interesting 
similarities are noted. In Porolepis the ventral 
internasal wall is fairly narrow from side to 
side, and bears a median toothed parasphe- 
noid. The ethmosphenoid which bears the 
parasphenoid is similar to the anterior part 
of the internasal keel of Hybodus, apart from 
the absence of a parasphenoid in the latter. 
On either side of the ethmosphenoid of Po- 
rolepis there is an elongate autopalatine fossa 
which according to Jarvik (1942, p. 361) was 
developed for the articulation of the antero- 
medial part of the palatoquadrate. A corre- 
sponding fossa in Hybodus also forms an ar- 
ticulation with the anteromedial part of the 
palatoquadrate. The crista suspendens of Po- 
rolepis forms the roof of the autopalatine fos- 
sa, in much the same way as the ethmopal- 
atine process defines the dorsal limit of the 
corresponding fossa in Hybodus. In Porolepis 
the crista suspendens appears to be a ventro- 
lateral extension of the olfactory ridge, within 
which the olfactory canal is located. The eth- 
mopalatine process of Hybodus differs from 
the olfactory ridge of Porolepis in this respect, 
since the olfactory canal of Hybodus is situ- 
ated farther dorsally in the internasal wall. 
Nevertheless, the crista suspendens of Poro- 
lepis and the ethmopalatine process of Hyb- 
odus are essentially similar, and may be ten- 
tatively regarded as homologous structures. 
Extensive development of this process in 
Hybodus is probably apomorphic, but (as fig. 
13 shows), a corresponding process is present 
in Xenacanthus. Although corresponding 
features to those found in Poro/lepis also occur 
in osteolepiforms such as Eusthenopteron 
(e.g., Jarvik, 1942, figs. 47-50), the degree of 
similarity to sharks such as Hybodus and 
Xenacanthus is much less. The crista suspen- 
dens is narrow and fairly low in Eusthenop- 
teron. It is more clearly separated from the 
olfactory ridge than in Porolepis, however, 
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and in this respect resembles a weaker ver- 
sion of the ethmopalatine process of Hybo- 
dus. 


ORBITOTEMPORAL REGION 


The orbitotemporal region comprises the 
interorbital wall, which contains the cranial 
cavity and the orbital roof (tectum orbitale 
of Jarvik, 1942). Much of the basicranium is 
included in the ventral part of the interorbital 
wall, and there are in H. basanus substantial 
suborbital shelves. The postorbital processes 
are excluded from this part of the account, 
since their relationship to other structures is 
unusual and merits separate discussion (be- 
low). 

Woodward (1916) was unable to describe 
any features within the orbit. It is now pos- 
sible to examine the excavated orbits of 
BM(NH) 40718 and P60110 (figs. 2C, 3D, 
4C, 13A, 14A). The latter specimen has less 
well-preserved orbits, which have suffered 
from buckling and distortion, but some sa- 
lient features in the better-preserved orbits 
of BM(NH) 40718 can be confirmed. Differ- 
ences in the width of the orbital roof of var- 
ious specimens of H. basanus (Woodward, 
1919) can be discounted as being a result of 
imperfect preservation in the case of sup- 
posedly “narrow” examples. 

There is a median temporal convexity, on 
either side of which is a pronounced sulcus 
penetrated by foramina. These supplied the 
supraorbital laterosensory canals with inner- 
vation from the superficial ophthalmic ramus 
of the facial nerve. The sensory canals would 
have passed from the otic region forward to 
the sides of the olfactory area. Their exact 
course is a little unclear here, but they pre- 
sumably met an infraorbital canal [there is 
evidence of foramina supplying this canal near 
the anterior margin of the postorbital process 
in BM(NH) P60110 and 40718, and of an 
otic branch running toward the lateral line 
canal]. 

Most of the orbital foramina were easily 
located (figs. 9C, 13A, 14A) but some of the 
smaller ones were visible only under ultra- 
violet light, since the matrix within them flu- 
oresces a pale cream or orange, in contrast 
with the deep purple of the cartilage. Their 
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Fic. 8. Restoration of Hybodus basanus braincase in (a) dorsal; (b) ventral; (c) left lateral; (d) anterior; 
and (e) posterior views. Features are identified in figure 9. 
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Fic. 9. Key to features on braincase shown in figure 8. 
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arrangements agree essentially with that of 
modern elasmobranchs and fossils such as 
Xenacanthus (see below), Tamiobatis, and 
““Cladodus,”’ although there are discrepancies 
in the interpretation of various foramina in 
the published accounts of the fossils (cf. Gross, 
1937; Stensid, 1937; Romer, 1964; Schaeffer, 
1981). 

The optic nerve and artery probably 
emerged together just below the center of the 
orbit through an oval foramen (II, figs. 3, 9, 
13). Below and slightly behind this is a single 
foramen, which probably housed the efferent 
pseudobranchial artery (f epsa). There is no 
indication of a separate ophthalmic foramen, 
and the ophthalmic and efferent pseudobran- 
chial arteries probably diverged after leaving 
the neurocranium, as in living sharks. Gross 
(1937) and Stensié (1937) interpret “‘Clado- 
dus” wildungensis as having separate foram- 
ina for these vessels. Schaeffer (1981) inter- 
prets Xenacanthus and Romer’s (1964) 
Tamiobatis accordingly, although Romer 
could not locate an ophthalmic foramen. 
Gross (1937) found two different conditions 
of the ophthalmic/pseudobranchial vessels in 
his ‘““Cladodus’’ specimen. 

There is a deep trigemino-facialis recess 
(Allis, 1923) behind the optic nerve in H. 
basanus (tfr, fig. 14A). Lateral to this fossa, 
the orbital artery entered the orbit via a fo- 
ramen in the suborbital shelf. An opening for 
the pituitary vein has not been located. The 
depth of the trigemino-facialis recess suggests 
that it housed the posterior rectus muscles, 
i.e., it probably functioned as a myodome. 
Schaeffer (1981) considers this the function 
of a similar fossa in Xenacanthus (fig. 14B). 
In H. basanus there is no evidence for an 
eye-stalk attachment. 

A small foramen just below the sensory pits 
in the roof of the orbit of BM(NH) 40718 is 
probably for the trochlear nerve. Schaeffer 
(1981, fig. 6) placed the exit for this nerve 
much farther forward in Xenacanthus, but in 
PU 22391B there is evidence for a trochlear 
foramen close to the superficial ophthalmic 
foramen as in H. basanus and modern sharks 
(fig. 14). Comparison of these specimens sug- 
gests that the supposed trochlear foramen in 
Schaeffer’s (1981) restoration of Xenacan- 
thus may be for the profundus nerve. In H. 
basanus two small foramina lie close to the 
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dorsal margin of the trigemino-facialis recess 
(fig. 14A). The anteriormost of these fo- 
ramina (III) seems to correspond with the 
oculomotor foramen in Notorhynchus and 
Chlamydoselachus. The more posterior one 
is interpreted as the abducens foramen (VI), 
indicating the position of the pila antotica. 
In Xenacanthus corresponding foramina are 
present in PU 22391B (fig. 14B). An eye-stalk 
(if present) should have arisen near here, but 
in H. basanus the calcified cartilage is un- 
broken, which should not be expected were 
an eye-stalk originally present. Schaeffer 
(1981) found no evidence for an eye-stalk in 
Xenacanthus, although Gross (1937) inter- 
preted the attachment area for one in “‘Clado- 
dus.” 

On leaving the braincase, the hyomandib- 
ular nerve of H. basanus seems to have passed 
abruptly backward in a groove (hym VII) be- 
fore it entered the jugular canal (jc). The pre- 
facial commissure (prf com, fig. 13) is cor- 
respondingly short. Behind the optic foramen, 
and above the trigemino-facialis recess is a 
large, anteriorly directed foramen, probably 
for the combined superficial and deep 
branches of the ophthalmic trunk. Lower 
down, lying dorsolateral to the trigemino-fa- 
cialis recess, is a laterally directed opening 
which probably housed the infraorbital trunk 
(combined maxillary branch of the trigemi- 
nal and buccal branch of the facial nerve). 
Higher still in the orbit are numerous small 
foramina which penetrate the supraorbital 
ridge for the innervation of the supraorbital 
sensory canal from the superficial ophthalmic 
nerve. 

Comparison with Xenacanthus (PU 
22391B) reveals an essentially similar con- 
figuration (figs. 13, 14). The main difference 
between the orbits of Xenacanthus and H. 
basanus is that in the former the postorbital 
process is positioned approximately level with 
the trigemino-facialis recess, which is there- 
fore obscured by the postorbital process in 
lateral view (fig. 13B). In H. basanus, the 
postorbital process is situated farther back, 
so that the trigemino-pituitary fossa is visible 
in lateral view (fig. 13A), giving the orbit a 
more elongated appearance than in Xenacan- 
thus (H. basanus is more like “Cladodus” 
wildungensis in this respect). Thus in Xen- 
acanthus many of the orbital foramina seem 
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farther back in the orbit than in H. basanus, 
but their overall positions relative to one 
another are comparable in both forms. The 
optic foramen is located toward the back of 
the orbit in Xenacanthus. There are two small 
foramina ventral and slightly posterior to the 
optic foramen. According to Schaeffer’s 
(1981) detailed study of sectioned specimens, 
these foramina are for the separate ophthal- 
mic and efferent pseudobranchial arteries. The 
trigemino-pituitary fossa of Xenacanthus is 
as deep as that in H. basanus. In Xenacanthus 
it continues posteriorly and laterally as a deep 
groove, into the jugular canal. In H. basanus 
a narrower groove occupies the same position 
in BM(NH) 40710. The function of this 
groove in Xenacanthus and H. basanus is 
uncertain, but it may have formed a path for 
the pituitary vein, emerging from the inter- 
orbital wall within the trigemino-facialis re- 
cess, on its way toward the lateral head vein, 
which it probably met within the jugular ca- 
nal of the postorbital process (fig. 14). As 
Schaeffer (1981, p. 19) noted, a similar groove 
is absent in Chlamydoselachus; in fact, it 
seems to be absent in all modern sharks, in- 
cluding Squatina (the only extant elasmo- 
branch possessing a complete jugular canal 
surrounded by a calcified lateral commissure; 
Iselstoger, 1937; Holmgren, 1941). In “Clad- 
odus’’ wildungensis there is only a weak groove 
running from the trigemino-pituitary fossa to 
the jugular canal (Schaeffer, 1981, fig. 7). No 
such groove is known in Tristychius or Cob- 
elodus. 


THE BASICRANIUM 


The anterior part of the suborbital shelf in 
Xenacanthus has a series of articular ridges, 
corresponding to another series on the pal- 
atoquadrate (figs. 13B, 14B). These ridges are 
absent in H. basanus. Articular ridges are 
known to occur in Tamiobatis and “‘Clado- 
dus” (Stensi6, 1937; Gross, 1937; Romer, 
1964; Schaeffer, 1981), and Cobelodus (Zan- 
gerl and Williams, 1975; Zangerl and Case, 
1976), but are apparently absent in 7risty- 
chius (Dick, 1978) and were not noted by 
Dean (1909) or Harris (1938) in Cladosel- 
ache. The orbital articulation of modern 
squaloids, hexanchoids, pristiophoroids, 
Squatina, and Chlamydoselachus (orbito- 
stylic sharks of Maisey, 1980) superficially 
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resembles the articulation in the anterior part 
of the orbit of Xenacanthus, Tamiobatis, 
**Cladodus,” and Cobelodus. It is possible that 
these articulations are primitively homolo- 
gous, in that both are forms of palatobasal 
articulation, but the orbital articulation of 
modern sharks is distinctive and consistent 
in its relationship to nerves and blood vessels 
within the orbit. This pattern is different from 
that seen in the fossils (Maisey, 1980). It is 
therefore important to distinguish the orbital 
articulation of modern orbitostylic sharks 
from other palatobasal (ethmoidal) articula- 
tions found in more primitive gnathostomes 
(cf. Jarvik, 1977, 1980). 

The floor of the interorbital wall in H. ba- 
sanus broadens rapidly backward from the 
caudal keel, with which it is confluent ante- 
riorly (sub s, figs. 3B, 4B, 8B, 9B, 10A). Ac- 
cording to DeBeer (1931, p. 608) in Scylio- 
rhinus a separate blastemic center, close to 
the lamina orbitonasalis, becomes incorpo- 
rated into the trabecular floor of the neuro- 
cranium, and is involved in the “‘basal’’ (eth- 
moidal) articulation with the palatoquadrates. 
In H. basanus, a corresponding center may 
be represented by the triangular anterior parts 
of the suborbital shelves. The basicranium is 
gently concave from side to side in this region 
(fig. 10B), as far back as the median internal 
carotid foramen. Farther posteriorly, the ba- 
sicranium is faintly convex, with a trace of a 
median “seam’’ suggesting a line of fusion 
between parachordals (figs. 3B, 4B). 

Anterior to the carotid foramen is a smaller 
median opening for the hypophyseal duct (f 
hyp), which therefore remained open in adult 
H. basanus. An open hypophyseal duct also 
occurs in Xenacanthus, Tamiobatis, “‘Clad- 
odus,” and Cladoselache, but becomes closed 
off in adult neoselachians. The closed con- 
dition may therefore represent a neoselachian 
synapomorphy. The cartilage surrounding the 
hypophyseal foramen of H. basanus is ridged 
by faint, radiating striae which are seen best 
under extremely oblique lighting. Further- 
more, there are two very small pits in front 
of the hypophyseal foramen in P60110 (figs. 
4B, 9B). They seem too symmetrical to be 
damaged areas, but their function is un- 
known. The region around the hypophysis is 
one of the last to chondrify in developing 
selachian neurocrania (DeBeer, 1931), and it 
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is possible that this region was incompletely 
formed in P60110. 

A pair of shallow grooves extends postero- 
laterally from the internal carotid foramen 
(fica). Each groove meets another, which ex- 
tends posteriorly from a foramen located an- 
teriorly in the floor of the suborbital shelf, 
just in front of the postorbital process (figs. 
2B, 3B, 9B). The more mesially situated 
grooves presumably housed the internal ca- 
rotids (gica), whereas the lateral ones housed 
the orbital arteries (gora). Where they merge, 
the single grooves would have housed lateral 
aortae (glda). A restoration of the basicranial 
circulation pattern is shown in figure 25A. 
The position of the efferent hyoidean arteries 
is somewhat speculative, but they may have 
passed through fenestrae in the floor of the 
postorbital process (see below). Aortic 
impressions also occur in H. hauffianus, but 
have remained unrecognized until recently 
(Maisey, 1982). Both Brown (1900) and Ko- 
ken (1907) figured ventral views of the neu- 
rocranium, in which grooves for the lateral 
aortae are visible, but the neurocrania were 
misinterpreted as being seen in dorsal view. 
Aortic grooves can also be seen in a partial 
basicranium (Hybodus or Acrodus sp.), 
BM(NH) P3356, from the Lias of Yorkshire, 
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England, in another partial head, BM(NH) 
P50869, from the Lias of Lyme Regis, and 
in an incomplete occiput of H. reticulatus, 
BM(NH) P2203d (Maisey, in preparation). 
In all these forms, the lateral aortae seem to 
have been positioned beneath the basicra- 
nium for much of their length, as in H. ba- 
sanus, and were enclosed by short canals only 
adjacent to the occipital cotylus. According 
to Dick (1978), the lateral aortae were fully 
exposed beneath the basicranium of Tristy- 
chius, as in modern sharks. In other fossil 
sharks, including Xenacanthus, Tamiobatis, 
and ‘“‘Cladodus,” the lateral aortae are en- 
closed by canals in the basicranium for a con- 
siderable part of their length (Stensi6, 1937; 
Gross, 1937; Romer, 1964; Schaeffer, 1981). 


Fic. 10. Anterior part of braincase in BM(NH) 40718, shown in (a) ventral; (b) transverse; and (c) 
dorsal views. (b) is a somewhat oblique natural break across the mid-orbital region, and is a view looking 


anteriorly onto the postnasal wall. 
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Returning for a moment to the imaginary 
concept of Hybodus having a ‘“‘telescoped”’ 
Xenacanthus-like neurocranium (see General 
Features section), it is interesting that in XYen- 
acanthus the restored basicranial circulation 
pattern (Schaeffer, 1981, fig. 12) anterior to 
the long canals for the lateral aortae is re- 
markably similar to the entire basicranial cir- 
culation pattern of H. basanus (fig. 25A). The 
short bridges under which the lateral aortae 
pass in H. basanus correspond to the much 
longer aortic canals of Xenacanthus. Conse- 
quently the impression that “‘more’”’ of the 
basicranial arterial complex is uncovered in 
Hybodus than in Xenacanthus is illusory. The 
observed differences in the lengths of en- 
closed aortae seem to be related only to the 
greater length of the otic region in Xenacan- 
thus. 

The orbital artery of H. basanus seems to 
have passed through the suborbital shelf via 
a short canal located toward the back of the 


Fic. 11. 
view of braincase, Permian, Texas, to show rostral 
bar, epiphyseal notch and foramina thought to be 
for the anterior cerebral vein and for a possible 
medial branch of the lateral ophthalmic ramus 
doph VII). 


Xenacanthus sp., UM 16194, dorsal 
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orbit (fora, figs. 3B, 4B, 9B). In this respect 
H. basanus resembles ‘“‘Cladodus’’ (Stensi6, 
1937; Gross, 1937), Cladoselache (Harris, 
1938), Tamiobatis (Romer, 1964; Schaeffer, 
1981), Tristychius (Dick, 1978), Xenacan- 
thus (Schaeffer, 1981), and many modern 
sharks in which the suborbital shelf is well 
developed (Holmgren, 1942). DeBeer (1931) 
showed that in Scyliorhinus embryos there 
are separate blastemic areas lateral to the tra- 
beculae in the neighborhood of the prootic 
foramen. These blastemas form the subocu- 
lar cartilage, which wraps around the orbital 
artery and joins with the lateral margins of 
the trabeculae, forming subocular shelves. 
The foramen for the orbital artery in Scyl- 
iorhinus thus lies at the junction of trabecular 
and subocular cartilage. Although we have 
no direct embryological evidence in the case 
of H. basanus, it is reasonable to infer a sim- 
ilar origin for its orbital foramen, as Schaeffer 
(1981) did in Xenacanthus, Tamiobatis, and 
*“*Cladodus.” 

A small distance anterior to the foramen 
for the orbital artery is another foramen, also 
penetrating the suborbital shelf. A compa- 
rable foramen is also present in Xenacanthus 
(Schaeffer, 1981), ““Cladodus” wildungensis 
(Gross, 1937), and Tristychius (Dick, 1978). 
The basicranium of Tamiobatis is less well 
known, and its basicranial circulation is not 
therefore considered here. Interpretation of 
the second foramen through the subocular 
shelf has proven problematical. It is widely 
considered to be for a branch of the palatine 
nerve (Gross, 1937; Dick, 1978; Schaeffer, 
1981). According to Stensid (1937), his 
**Cladodus’’ had its palatine nerve foramen 
farther lateral and posterior to the canal for 
the orbital artery. Harris (1938) identified a 
foramen in Cladoselache as the common exit 
for the orbital artery and palatine nerve. This 
interpretation leaves the orbital artery still 
ventral to the suborbital shelf of Cladosel- 
ache and Harris’s view was modified by 
Schaeffer (198 1, fig. 13) to bring Cladoselache 
more in line with other Paleozoic sharks. 
There is consequently considerable disagree- 
ment in the literature over interpretation of 
these basicranial foramina. Comparison with 
modern sharks is relatively unhelpful. In sev- 
eral groups the suborbital shelf is pierced by 
a canal for the orbital artery (e.g., Hetero- 
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dontus, Squatina, orectoloboids, galeoids), but 
the palatine nerve does not pass through the 
basal plate (fig. 25B). In squaloids the pala- 
tine nerve pierces the basal part of the lateral 
commissure (except in Oxynotus) but in vir- 
tually all of them the orbital artery does not 
pass through the suborbital shelf; Deania 
(Acanthidium) and Centroscymnus are the 
only genera examined by Holmgren (1941) 
in which foramina for both the orbital artery 
and the palatine nerve are present in the 
basicranium. In hexanchoids and Chlamydo- 
selachus neither the orbital artery nor the 
palatine nerve penetrates the basicranial 
cartilage (fig. 25C). It is consequently very 
uncertain that the “‘extra’’ foramen in the 
suborbital shelf of Hybodus and Xenacanthus 
contained a branch of the palatine nerve, al- 
though such an interpretation may be correct. 


POSTORBITAL PROCESS 


The postorbital process (po pr) of H. ba- 
sanus is a very prominent feature of the neu- 
rocranium. The process is attached to the lat- 
eral wall of the otic capsule. In BM(NH) 
40718, both postorbital processes became de- 
tached during preparation, exposing the otic 
capsular wall (see also Woodward, 1919, pl. 
26, figs. 3, 3A). The right process is missing 
in figure 3. Interestingly, in other species of 
Hybodus the neurocranium is sometimes 
preserved with these processes missing, e.g., 
in specimens of H. hauffianus studied by 
Brown (1900) and Koken (1907). This sug- 
gests that attachment of the processes to the 
otic region was generally quite weak (Maisey, 
1982). 

The postorbital process is strongly down- 
turned distally (figs. 3C, 6B, 9C-E, 13A, 14A). 
Its dorsal surface is convex anteroposteriorly, 
except at a large posterior embayment where 
the jugular canal emerges. A shallow groove 
extends from the jugular canal, over the pos- 
terolateral surface of the otic capsule, possi- 
bly indicating the positions of the lateral head 
vein (=jugular vein) and/or hyomandibular 
nerve. This groove is visible in BM(NH) 
40718 because the lateral otic process, which 
would normally obscure it, has been eroded 
away (fig. 3D); in P60110 this process is pres- 
ent (lot pr) and the groove is obscured (fig. 
4C). The postorbital process is somewhat 
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concave ventrally but bulges outward ante- 
riorly. Distally its ventrolateral margin is 
raised into a narrow plateau which (with jaws 
in place) lies immediately above the front of 
the adductor fossa of the palatoquadrate (see 
below and fig. 16). There are some foramina 
penetrating the floor of the postorbital pro- 
cess. The largest of these, in the floor of the 
jugular canal, is crescent-shaped (feha, figs. 
3B, 4B, 9B). It possibly housed the palatine 
nerve, arising from the hyomandibular nerve 
within the jugular canal. It may have pro- 
vided a mandibular or hyoid vein with access 
to the lateral head vein within the jugular 
canal. Dick (1978) suggested that a mandib- 
ular vein penetrated the postorbital process 
of Tristychius, but such a condition does not 
occur in modern elasmobranchs (Holmgren, 
1940, 1943). Another equally unique expla- 
nation for this foramen, alluded to earlier, is 
that it permitted the efferent hyoidean artery 
to reach the lateral aortae from its origin in 
the hyoid arch, and/or that it housed the sp1- 
racle or spiracular sense organ. Briefly antic- 
ipating my description of the hyoid arch, the 
hyomandibula articulates with the neuro- 
cranium immediately behind the postorbital 
process. The efferent hyoidean artery would 
either have taken a relatively long route 
around and under the postorbital process, or 
else a much shorter route through an opening 
in the floor of the process. There is no em- 
bryological reason to oppose the proposal that 
the lateral commissure of H. basanus was 
enlarged posteriorly, to such an extent that it 
partially enclosed the efferent hyoidean ar- 
tery and spiracular tube, whereas the orien- 
tation of the curved fenestra in the floor of 
the postorbital process suggests that some 
structure certainly passed anteriorly and ven- 
tromedially from the general vicinity of the 
hyomandibular articulation toward the lat- 
eral aorta. Farther forward in the floor of the 
postorbital process is another smaller open- 
ing, which could also be for a branch of the 
palatine nerve, or for the mandibular nerve. 

There is an elongate concave region on the 
posterolateral surface of the otic capsule of 
Hybodus behind and slightly dorsal to the 
posterior end of the jugular canal (figs. 2C, 
3D). Its length is approximately the same as 
the articular end of the hyomandibula. In 
specimens P60110, BM(NH) 40718 and 
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P11870, the hyomandibular head is close to 
this position. This depression may therefore 
represent the articulation between hyoman- 
dibula and neurocranium. The lateral head 
vein would pass from the jugular canal lat- 
erally over the hyomandibula, as in living 
sharks, and dorsal to the vagus nerve as in 
sharks, dipnoans, and perhaps Acanthodes 
(DeBeer, 1937; Bertmar, 1965; Stensid, 1969; 
Jarvik, 1977, 1980). 

In P60110 the hyomandibular attachment 
is overlain by another lateral projection of 
the neurocranium, essentially separate from 
the postorbital process (lot pr, fig. 4A, C). 
Although it is not evident in BM(NH) 40718 
(where this part of the braincase has been 
most damaged by abrasion), some other spec- 
imens of H. basanus have this additional pro- 
cess. Moreover, there is evidence for it in the 
specimen of H. hauffianus described by Ko- 
ken (1907) and in H. fraasi (Brown, 1900). 
Anteriorly the margin of the second process 
is confluent with the posterior dorsal margin 
of the jugular canal in H. basanus. The re- 
lationships of this flange to surrounding ele- 
ments (hyomandibular head, glossopharyn- 
geal nerve, and postorbital process) suggest 
homology with the lateral otic process of Pa- 
leozoic shark neurocrania, e.g., Tamiobatis, 
Xenacanthus (Schaeffer, 1981). This process 
is discussed further in the following section. 

The jugular canal of Hybodus basanus is 
extremely large (jc, fig. 9) and the lateral head 
vein may have been inflated into a consid- 
erable sinus as it left the orbit through the 
jugular canal. There is disagreement as to 
whether the lateral head vein actually passed 
through the so-called jugular canal in various 
fossil sharks. A canal like that in H. basanus 
is present in “‘Cladodus,” Tamiobatis, Xen- 
acanthus, Tristychius, and Cobelodus (Sten- 
s16, 1937; Gross, 1937; Romer, 1964; Zangerl 
and Case, 1976; Dick, 1978; Schaeffer, 1981), 
and is generally believed to have housed the 
lateral head vein. Holmgren (1941) suggested 
that this canal housed the otic ramus of the 
facial nerve, and that the jugular canal was 
ventral to the postorbital process in the fos- 
sils, as in Chlamydoselachus. Comparing the 
course of the lateral head vein in Chlamy- 
doselachus with the large canal in the post- 
orbital process of Xenacanthus, Tamiobatis, 
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and ‘‘Cladodus’’ wildungensis, Schaeffer 
(1981, p. 20) concluded that there 1s “‘no oth- 
er obvious course for the head vein except 
through the canal in the postorbital process.” 
I concur with this view, as far as H. basanus 
is concerned, because of the arrangement of 
the palatoquadrates beneath the postorbital 
process; there is no room for such a major 
structure as the lateral head vein between the 
postorbital process and palatoquadrate. More 
significantly, however, in Squatina the lateral 
head vein and hyomandibular nerve pass 
through a canal like that of the fossils, while 
the otic ramus of the facial nerve can be traced 
from the infraorbital sensory canal, just an- 
terior to the supraoccipital canal, past the 
orbital process of the palatoquadrate, to the 
main trunk of the facial nerve. In Squatina, 
therefore, the otic branch passes through the 
fossa for the palatoquadrate orbital process. 
Interestingly, Gegenbaur (1872) termed this 
fossa the canalis oticus, but did not comment 
on what nerves it contained. According to 
Holmgren’s (1941) hypothesis, the large ca- 
nals in the postorbital processes of “‘Clad- 
odus’’ and Squatina are not homologous, since 
according to him the canal of “‘Cladodus”’ 
contained the otic branch of the facial nerve, 
but in Sguatina it contains the lateral head 
vein and hyomandibular nerve. Instead, we 
should have to suppose that the otic canal 
(=“‘Schaedellucke fur den Processus palato- 
basalis’’; Iselstoger, 1937) of Squatina is the 
modern counterpart of the canal through the 
postorbital process of “Cladodus”’ (and also, 
presumably, of H. basanus, Xenacanthus, 
Tamiobatis, Tristychius, and Cobelodus). Al- 
though such an argument cannot be totally 
refuted by the evidence at hand, it is rejected 
on the grounds that a far simpler explanation 
is possible; a jugular canal like that of Squat- 
ina was indeed present in the fossils just men- 
tioned. 

In H. basanus there is evidence that the 
hyomandibular nerve emerged anterior to the 
postorbital process (hym VII, figs. 13, 14), 
rather than behind it as in ““Cladodus”’ (Gross, 
1937) and Xenacanthus (Schaeffer, 1981). 
This may be due to the different relationship 
between the lateral wall of the otic capsule 
and the postorbital process in H. basanus. 
The combined trunks of the facial and tri- 
geminal nerves of sharks are anteriorly po- 
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Fic. 12. Ethmoid regions of (a—c) Chlamydoselachus (after Jarvik, 1942), and (d-f) Hybodus basanus 
with principal nerves and blood vessels shown schematically. Arrangement in Hybodus hypothetical; 


see text for discussion and justification. 


sitioned, relative to the otic capsules, and the 
hyomandibular branch of the facial nerve ini- 
tially passes lateral and anterior to the cap- 
sular wall. The hyomandibular nerve may 
emerge from the braincase via a separate fo- 
ramen (e.g., hexanchoids, Chlamydosela- 
chus, most squaloids, Squatina, Heterodon- 


tus, and batoids). The cartilage separating the 
hyomandibular nerve from the rest of the 
facial nerve is the prefacial commissure 
(Holmgren, 1940) and is not part of the otic 
capsule. By analogy with modern sharks, the 
prefacial commissure was extensive in fossils 
suchas “‘Cladodus’’ and Xenacanthus (Schaef- 
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fer, 1981). In H. basanus the prefacial com- 
missure is narrow and the hyomandibular 
nerve emerged from the braincase before 
passing through the jugular canal as in Squat- 
ina. If the hyomandibular nerve of H. basa- 
nus was to emerge posterior to the postorbital 
process, as in Xenacanthus and “‘Cladodus,”’ 
the nerve would have to penetrate the lateral 
wall of the otic capsule. 

Among modern elasmobranchs in which a 
prefacial commissure is present, the hyo- 
mandibular nerve either emerges posterior 
to the postorbital process (hexanchoids, 
Chlamydoselachus, squaloids), or anterior to 
it (Heterodontus, batoids, Squatina). If the 
latter condition is derived, as its somewhat 
limited distribution suggests, it may repre- 
sent a synapomorphy of some or all these 
forms (including Hybodus). As far as H. basa- 
nus 1s concerned, however, narrowing of the 
prefacial commissure seems to be related to 
the anterior shift of the otic capsules; the lat- 
eral commissure has not been affected in the 
same way. In modern sharks, where the pre- 
facial commissure is entirely within the orbit, 
the postorbital process is never very exten- 
sive anteroposteriorly. Thus, in these modern 
forms, either both the prefacial and lateral 
commissures have become narrowed (e.g., 
Squatina) or else the lateral commissure has 
narrowed, whereas the prefacial commissure 
has remained long (e.g., Squalus). Neither 
condition corresponds exactly to that found 
in H. basanus, and it is concluded that any 
similarity between H. basanus and modern 
sharks in this respect has arisen indepen- 
dently. 

In only one group of modern sharks (car- 
charhinids) is the postorbital process located 
on the lateral wall of the otic capsule. As in 
other galeoids, however, carcharhinids lack 
a separate hyomandibular nerve foramen and 
prefacial commissure. In carcharhinids the 
palatoquadrate levator muscles have invaded 
the orbit, from which the eye is effectively 
displaced. A more primitive state of this con- 
dition is found in Triakis (Nakaya, 1975); in 
this form, the levator muscles have invaded 
the orbital margins, but the postorbital pro- 
cess and supraorbital shelves are well devel- 
oped. Moreover, the postorbital process of 
Triakis lies essentially anterior to the otic 
capsules. It is generally accepted that car- 
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charhinids are derived members of the ga- 
leomorph group (Compagno, 1973, 1977). 
There is no evidence in H. basanus to suggest 
that palatoquadrate levator muscles had in- 
vaded the orbit. Conversely, the extent of the 
supraorbital and suborbital shelves, size of 
the postorbital process, and relationship be- 
tween this process and the palatoquadrate, 
all make it extremely improbable that the 
palatoquadrate levators were at all well de- 
veloped (see below). Therefore any similarity 
in the position of the postorbital process in 
carcharhinids and H. basanus is regarded as 
coincidental and not phylogenetically signif- 
icant. 


OTICO-OCCIPITAL REGION 


i. GENERAL FEATURES: Woodward (1919, 
pl. 26, figs. 3, 3A) figured the dorsal and pos- 
terior aspects of an incomplete H. basanus 
neurocranium, BM(NH) P13094. Compari- 
son of this specimen with P60110 (figs. 4, 5) 
shows that the otic region of P13094 is nearly 
complete, despite the absence ofa postorbital 
and lateral otic process, and the general lack 
of preparation. The otico-occipital region of 
BM(NH) 40718 has been heavily eroded, and 
cleaning the specimen reveals many internal 
details of the otic region, but very little of its 
external morphology (fig. 3). The gross mor- 
phology of the otico-occipital region in H. 
basanus is as follows. The paired otic cap- 
sules take up approximately a third of the 
total cranial length, and lie close together be- 
tween the postorbital processes, as discussed 
earlier (ot cap, fig. 5). The capsules are slightly 
elongated anteroposteriorly, and between 
them there is an elongate parietal (endolym- 
phatic) fossa (end f, figs. 2, 9), which extends 
posteriorly as far as a short median occipital 
crest. The occipital arch between the parietal 
fossa and foramen magnum is short. There 
is no trace of a dorsal otico-occipital fissure 
of the type Schaeffer (1981) described in Xen- 
acanthus and Tamiobatis. A large occipital 
cotylus is preserved in only a few specimens 
of H. basanus, including BM(NH) 40718, 
P3172c, P60110, and P13094. The cotylus 
(oc cot, figs. 4, 5) is almost circular, but is 
drawn out on each side, thus adding some 
lateral support to the spino-occipital joint. A 
large glossopharyngeal-vagus fossa is present 
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Fic. 13. Left orbits of (a) Hybodus basanus, BM(NH) 40718 and (b) Xenacanthus sp., PU 22391B, 
Permian, Texas, with principal foramina identified. Trigeminofacialis recess of Hybodus is visible in 
lateral view, but is obscured in Xenacanthus by the postorbital process. Sections to left of photographs 
are diagrammatic, but are based on sections through casts of originals, immediately behind the precerebral 


fontanelle as indicated on the photographs. 


on each side of the foramen magnum, just 
behind the hyomandibular articulation, and 
below the posterior vertical canal of the otic 
capsule (IX, X, figs. 4A, 5). The occiput pro- 
jects well beyond the posterior border of the 
otic capsules as in Xenacanthus, Tamiobatis, 
Tristychius, Cladoselache, and Cobelodus (fig. 
15), whereas in modern elasmobranchs the 
occiput is situated between the otic capsules, 
so that the lateral otic process (where present) 
and glossopharyngeal foramen are more lat- 
eral to the occiput than in the fossil genera 
(Schaeffer, 1981). In modern elasmobranchs 


(fig. 1SA) the fused occipital arches and first 
vertebral demi-centrum become enclosed on 
either side by the auditory capsules (DeBeer, 
1937), as a result of which the spino-occipital 
nerves leave the braincase either with the va- 
gus nerve or at a level which falls behind the 
condyles (Norris and Hughes, 1920). In XYen- 
acanthus and Tamiobatis (fig. 15) the occip- 
ital region projects behind the auditory cap- 
sules (Schaeffer, 1981), as it does (albeit to a 
lesser extent) in Hybodus (fig. 15C). Although 
foreshortened in comparison with these Pa- 
leozoic shark braincases, the otico-occipital 
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Fic. 14. Stereo-pairs of the braincase of (a) Hybodus basanus, BM(NH) 40718 and (b) Xenacanthus 
sp., PU 22391B. Both views are somewhat oblique to show features within the orbit that would be 
concealed in lateral view. Important features of the ethmoid and orbital region are indicated on the key 


diagrams. Note inturned cartilaginous margin to precerebral fontanelle and epiphyseal notch in Xen- 
acanthus (seen also in fig. 11). 


region of Hybodus resembles their condition is a selachian synapomorphy is not refuted 
more than the neoselachian one. Schaeffer’s by H. basanus. 

(1981, p. 60) proposal that the position of the ii. ENDOLYMPHATIC (PARIETAL) FOSSA: 
occipital arch between the auditory capsules There are thin paired vertical laminae of pris- 


32 AMERICAN MUSEUM NOVITATES 


matically calcified cartilage, deep within the 
parietal fossa of H. basanus (fig. 3A). These 
laminae, only visible in sufficiently excavated 
specimens [e.g., BM(NH) 40718, P13094] 
probably represent the poorly calcified me- 
dial walls of the otic capsules. AMNH 4692 
was sliced transversely through the postor- 
bital process. The sectioned surfaces show 
thin medial walls of the otic capsules and also 
a thin calcified synotic tectum, deep within 
the parietal fossa. Traces of this tectum are 
also visible in the excavated parietal fossa of 
BM(NH) 40718. The medial walls of the otic 
capsules were apparently uncalcified for part 
of their length. In living sharks, the posterior 
vertical canal bulges into the region of the 
parietal fossa where the capsule wall is in- 
complete (Norris, 1929; DeBeer, 1931). The 
same problems of interpretation attend this 
region in H. basanus as they do in XYenacan- 
thus (Schaeffer, 1981). Unlike in Xenacan- 
thus, the posterior border of the parietal fossa 
in H. basanus is not extended posterolater- 
ally into persistent otico-occipital fissures. 
Thus in H. basanus, as in modern sharks, the 
embryonic metotic fissure appears to have 
closed during ontogeny. 

Schaeffer (1981) regarded the presence of 
the metotic fissure in adult Xenacanthus and 
Tamiobatis neurocrania as a synapomorphy. 
According to Zangerl (personal commun. and 
in preparation) this fissure is present in other, 
apparently unrelated Paleozoic sharks. The 
metotic fissure is considered in more detail 
below. 

There is little evidence for endolymphatic 
or perilymphatic apertures and canals in H. 
basanus. Part of a small calcified canal is pre- 
served in BM(NH) 40718 (fig. 3A), just me- 
dial to the right anterior semicircular canal 
(asc), and may represent the anterior limit of 
an endolymphatic passage which originally 
entered the otic capsule farther posteriorly. 
This suggests that rather more of the endo- 
lymphatic system was contained within the 
braincase roof of H. basanus than in modern 
elasmobranchs. Alternatively, the canal frag- 
ment may have formed part of the acoustico- 
lateralis system of the head, but it seems too 
far removed from the other canals for this to 
be the case. As in Xenacanthus (Schaeffer, 
1981) incomplete calcification in H. basanus 
makes impossible the detailed study of the 
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relationship of the perilymphatic fenestra to 
the posterior semicircular canal, and between 
the perilymphatic and endolymphatic open- 
ings. Nevertheless, in BM(NH) 6356 paired 
epaxial muscle fibers are preserved, overlying 
the dorsal surfaces of the otic capsules (figs. 
21, 22). Similar epaxial muscle extends an- 
teriorly on either side of the parietal fossa in 
modern elasmobranchs, and slips of this 
muscle are directed into the parietal fossa and 
attach to the endolymphatic pouches (Norris, 
1929; Marinelli and Strenger, 1959). Schaef- 
fer (1981) suggested that similar epaxial mus- 
cle extended from the dorsal otic ridges of 
Xenacanthus, Tamiobatis, and ‘“‘Cladodus.”’ 

ili. THE AUDITORY CAPSULES: Preserva- 
tion of BM(NH) 40718 is such that the an- 
terior ampullae of the horizontal and anterior 
vertical semicircular canals are hollow voids, 
although the large saccular-utricular cavities 
have become filled by matrix (fig. 3A). The 
course of the semicircular canals may be in- 
terpreted from exposed portions of their cal- 
cified walls in this specimen. 

The sacculus lies below and is surrounded 
by the three semicircular canals. The anterior 
vertical canal (asc, fig. 3A) is the shortest with 
its distal ampulla rising next to the utriculus. 
The canal passes obliquely back toward the 
midline before plunging deeper toward the 
sacculus. The horizontal canal (hsc) arises lat- 
eral to the utriculus, then curves laterally 
around the sacculus until it turns mesially 
again above the exits for the vagus nerve. The 
posterior vertical canal (psc) is the least ev- 
ident from BM(NH) 40718, and is visible 
only where the endolymphatic fossa has been 
excavated. Its position is marked by a ridge 
in BM(NH) P60110 (fig. 4A). 

iv. THE VAGUS-GLOSSOPHARYNGEAL FOs- 
SA: In Hybodus basanus there is a broad fossa 
on either side of the foramen magnum (figs. 
3A, 5, 8E, 9E). Each fossa is located just be- 
hind the hyomandibular articulation and be- 
low the posterior vertical canal of the audi- 
tory region. In modern elasmobranchs the 
vagus nerve leaves the neurocranium in this 
position. The vagus nerve of H. basanus 
probably occupied the fossa, perhaps along 
with the glossopharyngeal nerve, some spino- 
occipital nerves and the posterior cerebral 
vein. One specimen figured by Woodward 
(1919, pl. 26, figs. 3, 3A), BM(NH) P13094, 


1983 


is inadequately prepared and a large part of 
the “floor” of the vagus-glossopharyngeal 
fossa is actually matrix. In BM(NH) 40718 
the fossa is floored by a cartilaginous lamina 
which extends laterally beneath the otic cap- 
sule and which is interpreted as a hypotic 
lamina. In Scyliorhinus the hypotic lamina 
extends laterally from the embryonic para- 
chordal cartilage beneath the posterior part 
of the otic capsule (DeBeer, 1931), although 
the floor of the capsule may not be calcified. 
In Squalus, however, the capsule floor is cal- 
cified (El-Toubi, 1949). Hybodus basanus 
seems to correspond to this condition more 
closely than to the one in Scyliorhinus. Nei- 
ther Squalus nor Scyliorhinus has a fossa 
for both the vagus and glossopharyngeal 
nerves. A vagus-glossopharyngeal fossa is 
present in Chlamydoselachus (Allis, 1923). 
More usually, the exits for the vagus and glos- 
sopharyngeal nerves are separated by the pos- 
terior semicircular canal, which in modern 
elasmobranchs lies between the passages for 
these nerves (Schaeffer, 1981). In Chlamy- 
doselachus, and apparently also in Hybodus, 
the posterior part of the otic region is mod- 
ified so that the vagus fossa is expanded be- 
neath the otic capsule to become confluent 
with the glossopharyngeal foramen. In Het- 
erodontus there is a shallow vagus fossa, lat- 
eral to the foramen magnum, but the fossa is 
clearly separated from the glossopharyngeal 
foramen (Daniel, 1915), as in the majority of 
living elasmobranchs. In Xenacanthus the 
courses of the glossopharyngeal and vagus 
nerves are somewhat uncertain, but they pre- 
sumably lay somewhere within the otico-oc- 
cipital (metotic) fissure, which is persistent 
into adulthood (Schaeffer, 1981). The me- 
totic fissure of developing Scyliorhinus be- 
comes closed during ontogeny, apart from 
passages from the glossopharyngeal and va- 
gus nerves (DeBeer, 1931). It is concluded 
that a similar developmental pattern to this 
occurred in H. basanus since the specimens 
examined [e.g., BM(NH) 40718, P13094] are 
comparatively small ones, yet have no in- 
dication of a persistent otico-occipital fissure. 

In the present context, fusion of the hypotic 
lamina with the otic capsular floor (and the 
consequent formation of glossopharyngeal 
and vagus canals) is regarded as a derived 


MAISEY: HYBODUS BASANUS EGERTON 33 


condition uniting modern sharks with Hyb- 
odus, Palaeospinax (Maisey, in preparation), 
a Permian “‘Euselachian’’ (Schaumberg, in 
preparation) and Tristychius (Dick, 1978). 

v. THE LATERAL OTIC PRocEss: In Hybodus 
basanus the lateral wall of the otic capsule is 
overlain by a broad flangelike process (lot pr, 
figs. 4, 5). The relationship of this process to 
surrounding structures, such as the otic cap- 
sules, the hyomandibular articulation (locat- 
ed ventral to this process), and the presumed 
course of the lateral head vein and glosso- 
pharyngeal nerve, all suggest that the process 
corresponds to the lateral otic process (Ro- 
mer, 1964) of Tamiobatis and Xenacanthus, 
although it is clearly impossible to establish 
homology by means of embryological stud- 
ies. 

In Tamiobatis and Xenacanthus the pos- 
terolateral wall of the otic capsule is overlain 
by the lateral otic process (Romer, 1964), 
upon which the hyomandibular articulation 
is partly situated (Schaeffer, 1981), lateral to 
the ventral otic notch which probably housed 
the glossopharyngeal nerve. A comparable 
process is generally poorly developed in mod- 
ern elasmobranchs; e.g., the “‘post-otic”’ pro- 
cess (Holmgren, 1941) of Squalus, Centro- 
Phorus, and Deania (Acanthidium) and the 
“Haifortsatz”’ of Squatina (Iselstoger, 1937). 
In Sguatina and Squalus this process con- 
tains the glossopharyngeal foramen and con- 
tributes ventrally to the hyomandibular ar- 
ticulation (Iselstoger, 1937; Schaeffer, 1981). 
The glossopharyngeal foramen apparently 
differs from the ‘‘post-otic’’ foramen of 
Holmgren (1941), which he states is absent 
in forms such as Squatina, his ““Scymnorhi- 
nus-type”’ squaloids, Chlamydoselachus, 
Heterodontus, chiloscyllids, Orectolobus, and 
““galeoids.”’ Thus he found sharks with both 
a “‘post-otic”’ process and foramen (“Squa- 
lus-type”’ squaloids) and others in which the 
process is present but not the foramen (e.g., 
Squatina, Mustelus). 

In many batoids (e.g., rhinobatids, Raja, 
Pristis) there is a cartilaginous bridge joining 
the posterior corner of the basal plate with 
the lateral wall of the otic capsule. This bridge 
is located dorsal to both the glossopharyngeal 
nerve and lateral head vein (Holmgren, 1941). 
Unfortunately the embryonic development 
of these processes has not been adequately 
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studied in living elasmobranchs. According 
to Holmgren (1940, p. 188), the cartilaginous 
bridge in batoids is of visceral arch origin; he 
regarded it as forming from a mesenchyma- 
tous pharyngohyal blastema, in conjunction 
with the hyomandibular articulation, and he 
believed this to be a different situation from 
sharks (Holmgren, 1940, 1943, p. 75). Jollie 
(1971) found evidence that in Squalus both 
the articular area of the hyomandibula and 
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the /Jamina hypotica are formed, as in ba- 
toids, from the blastemic upper end of the 
hyoid arch. Neither Holmgren (1940, 1941, 
1943) nor Jollie (1971) discussed the origin 
of the “‘post-otic process” or post-otic fora- 
men in squaloids, however. The process is 
shown in 59 mm. Squalus embryos by Holm- 
gren (1941, figs. 76, 78), in 35-37 mm. Squa- 
lus by Jollie (1971, fig. 7), and in 43 mm. and 
larger Etmopterus embryos by Holmgren 
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Dorsal views of the braincase in (a) Squalus; (b) Tamiobatis (after Schaeffer, 1981); (c) 


Hybodus basanus, (d) Cladoselache (after Harris, 1938); (e) Tristychius (after Dick, 1978); and (f) Co- 
belodus (after Zangerl and Case, 1976, with addition of lateral otic processes as in Symmorium). Key 
as follows: diagonal lines = postorbital process, cross-hatching = lateral otic process, open circles = otic 
capsules, stipple = occipital arch and cotylus. Arrangements of these structures are similar in (b); (d); 
(e); and (f); (a) differs in the position of the occipital arch; (c) differs in the position of the postorbital 
process; otherwise (a) and (c) resemble the other forms. 
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(1940, figs. 89-91, 96, 97). At earlier stages 
the process seems to be absent and it is con- 
cluded that development of the “‘post-otic 
process” occurs relatively late in ontogeny. 
Holmgren (1940, p. 140) noted that in 43 
mm. Etmopterus embryos the fate of the 
mesenchymatous “pharyngohyal” is uncer- 
tain, and that parts of it may have become 
plastered to the lateral wall of the otic cap- 
sule. 

Development of the head in Squatina is 
unknown, and it is consequently not possible 
to determine the origin of the ““Haifortsatz”’ 
in this elasmobranch. Nevertheless, the in- 
timate association of this process with both 
the hyomandibular articulation and the glos- 
sopharyngeal canal (which is presumably 
floored by part of the hypotic lamina, as in 
other elasmobranchs) suggests that it is de- 
rived, at least in part, from the same blas- 
temic tissue as in other elasmobranchs, per- 
haps from that forming the upper end of the 
hyoid arch. Equally plausibly, the lateral otic 
process of Xenacanthus, Tamiobatis, and 
Hybodus was also formed in this way. It is 
therefore concluded, albeit very tentatively, 
that the process under discussion is homol- 
ogous in all the forms discussed here. Clearly 
there are important differences, such as 
whether the glossopharyngeal nerve passes 
through or just behind the process, and 
whether or not a post-otic foramen is present. 
The extent to which the lateral otic process 
is developed therefore varies among modern 
and fossil sharks and rays, and its significance 
is as yet poorly understood. Schaeffer (1981) 
noted that in modern sharks the hyomandib- 
ular articulation is consistently just anterior 
to the glossopharyngeal foramen, although in 
Xenacanthus and Tamiobatis the persistent 
metotic fissure makes it difficult to locate the 
original position of the glossopharyngeal 
nerve. A post-otic foramen was not noted in 
Xenacanthus or Tamiobatis by Schaeffer 
(1981). 

As interpreted by Dick (1978), the hyo- 
mandibula of Tristychius articulated with 
the neurocranium a considerable distance an- 
terior to both the glossopharyngeal foramen 
and the lateral otic process. The lateral otic 
process of 7Jristychius would, in that case, 
probably not be formed by condensation from 
a mesenchymatous upper part of the hyoid 
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arch blastema, since it would lie too far pos- 
teriorly. Although embryological data con- 
cerning development of the selachian lateral 
otic process are incomplete, observations of 
the consistent arrangement of the hyoman- 
dibular articulation, glossopharyngeal fora- 
men and lateral otic process in fossil and 
modern sharks suggest either that (a) Tris- 
tychius is autapomorphic in its hyomandib- 
ular arrangement, and its neurocranial otic 
process is different from the lateral otic pro- 
cess of other sharks, or that (b) its hyoman- 
dibular articulation actually lay farther pos- 
teriorly, ventral to the lateral otic process and 
immediately anterior to the glossopharyngeal 
foramen. 

vi. THE OccIPUT: Between the vagus-glos- 
sopharyngeal fossa and the occipital cotylus 
of H. basanus are two or three external fo- 
ramina, presumably for spino-occipital nerves 
(fson, fig. 9C). A single foramen, located lat- 
eral to the cotylus of the Liassic hybodontid, 
BM(NH) P50869, corresponds topographi- 
cally to the posteriormost one in H. basanus. 
In BM(NH) P50869 there are six ventral spi- 
no-occipital openings in the inner wall of the 
chordal canal. This is a remarkably large 
number of spino-occipital nerves for a neu- 
rocranium with such a short occipital region; 
even xenacanths only seem to have three 
(Schaeffer, 1981, figs. 6, 14). The internal ar- 
rangement of these foramina and those of the 
vagus, glossopharyngeal, and acoustic nerves 
is very similar to that in Hexanchus (Gegen- 
baur, 1872, pl. 4, fig. 2; Maisey, in prepara- 
tion). Although H. basanus may have fewer 
spino-occipital nerves than.the Liassic hyb- 
odontid, it is possible that some of these 
nerves combined in H. basanus before leav- 
ing the occiput via common exits. At least 
one of the foramina in H. basanus seems high 
enough, relative to the foramen magnum, to 
represent a dorsal spino-occipital foramen. 
The number and arrangement of spino-oc- 
cipital nerves is unknown in Tamiobatis, 
‘“*Cladodus,”’ Cladoselache, and Cobelodus. 
According to Dick (1978) there are two ven- 
tral spino-occipital foramina in Tristychius. 

Calcified vertebral centra are absent in 
hybodontids, which apparently retain an un- 
constricted notochord. It is therefore non- 
sensical to regard the occipital cotylus of H. 
basanus as an anterior half-centrum which 
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has become incorporated into the neurocra- 
nium between the otic capsules, as in modern 
sharks and the late Jurassic Protospinax 
(Maisey, 1976). Nonetheless, the notochord- 
al entry into the occiput, in the center of the 
cotylus, is extremely small and could justi- 
fiably be termed a constriction. Verification 
of this comes from the Liassic hybodont, 
BM(NH) P50869, in which the notochordal 
space in the basicranium is broken through 
and seems to be larger than the diameter of 
the opening in the cotylus. The extent of the 
notochord in the basicranium of other fossil 
sharks is unknown. 


THE SIGNIFICANCE OF ‘‘LONG’’ AND 
‘SHORT’? OTIC REGIONS 


Schaeffer (1981, p. 60) suggested that all 
sharks are united by the location of the oc- 
cipital arch anteriorly between the auditory 
capsules, a condition which is otherwise found 
only among certain actinopterygians. This 
apomorphic condition is most evident in 
modern sharks and rays, Hybodus, Xenacan- 
thus, and (to a lesser extent) Tamiobatis; i.e., 
those sharks known (apart from Tamiobatis) 
to have elasmobranch gill arch morphology 
as defined by Nelson (1969). Although Schaef- 
fer (1981) speculated that other sharks may 
have had a similarly-positioned occipital arch 
(e.g., Tristychius, Cobelodus, Cladoselache), 
in none of these forms can this condition 


have been so well developed as in modern — 


sharks, Hybodus and Xenacanthus (fig. 15). 
In Tristychius, however, the slender occipital 
arch may have extended between the audi- 
tory capsules for some distance anteriorly 
(Dick, 1978). I therefore agree with Schaeffer 
(1981) that the position of the occipital arch 
in elasmobranchs (including Hybodus, Tris- 
tychius, Xenacanthus, Tamiobatis, Ctenacan- 
thus, and modern sharks) is apomorphic, 
but disagree that this character represents 
a synapomorphy for all sharks. According to 
his cladogram (Schaeffer, 1981, fig. 26B) the 
character is a synapomorphy of chondrich- 
thyans (his character 19a), although there is 
no evidence that the occipital segment oc- 
cupies this position in chimaeroids. Further- 
more, separate foramina for spino-occipital 
nerves occur in Hybodus and hexanchoids, 
and in Hybodus the occipital arch projects 
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beyond the auditory capsules and is perfo- 
rated by the spino-occipital foramina which 
do not open within the glossopharyngeal-va- 
gus fossa (Schaeffer’s character 19b, suppos- 
edly uniting Hybodus with modern sharks). 

Hybodus basanus superficially resembles 
modern sharks, Cobelodus and Cladoselache 
in its short otico-occipital region, and con- 
trasts with Xenacanthus and Tamiobatis, in 
which this region is more elongate. Schaeffer 
(1981) has suggested that the longer condition 
may be derived, but an alternative view (that 
the longer condition is primitive) is equally 
plausible. As far as H. basanus is concerned, 
the configuration of its otic capsules, occiput, 
postorbital process, and lateral otic process 
(discussed further below) is distinctive, as fig- 
ure 15C illustrates. 

The short otico-occipital region of Clado- 
selache resembles that of modern elasmo- 
branchs in the relative positions of the otic 
capsule and lateral otic process, which lie es- 
sentially posterior to the postorbital process 
(fig. 15A, D). In this respect, Cladoselache 
and modern elasmobranchs agree with Xen- 
acanthus, Tamiobatis, and Tristychius (fig. 
15B, E). Cobelodus also agrees with this ar- 
rangement, although lateral otic processes 
have not been described (fig. 15F). In H. ba- 
sanus the otic capsules are located mesial to 
the postorbital processes (see earlier discus- 
sion). Hybodus basanus and modern sharks 
differ in the location of the occiput relative 
to the posterior margin of the otic capsules 
(see above). Simply arguing in terms of com- 
monality, the arrangements of the otic cap- 
sules in H. basanus and of the occiput in 
modern elasmobranchs represent separate 
and distinct apomorphic states. Conversely, 
the arrangement of the occiput in H. basanus, 
and the otic capsule/postorbital process con- 
figuration in modern elasmobranchs both 
conform to the widespread pattern seen in 
other fossil sharks, and may therefore be 
primitive (corroborated by outgroup com- 
parison with Acanthodes bronni, sarcopteryg- 
ians, actinopterygians, and placoderms). 
Modern sharks and H. basanus are therefore 
regarded as being divergently specialized with 
respect to their otico-occipital regions. This 
is corroborated by a Permian “‘euselachian”’ 
from Germany (Schaumberg, personal com- 
mun. and in preparation). In view of these 


Fic. 16. Restoration of Hybodus basanus braincase, jaws, and hyoid arch, in (a) dorsal; (b) ventral; 
(c) left lateral; (d) anterior; and (e) posterior views. Some elements of mandibular and hyoid arches are 
omitted on one side. 
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differences, and also because (a) other “‘short” 
Paleozoic shark neurocrania are now known, 
and (b) the “long” condition may itself be 
derived (Schaeffer, 1981), the fact that H. 
basanus and modern sharks have a short oti- 
co-occipital region does not by itself offer evi- 
dence for a relationship between them. 


THE VISCERAL SKELETON 
GENERAL FEATURES 


In several specimens of Hybodus basanus 
the visceral skeleton is well preserved, al- 
though the posteriormost branchial arches are 
usually damaged and incomplete. The jaws 
(palatoquadrates and Meckel’s cartilages), la- 
bial cartilages, hyomandibula, ceratohyal and 
basihyal, ceratobranchials, and epibranchials 
are mineralized perichondrally and are well 
preserved, but in none of the prepared ma- 
terial is there evidence that the pharyngo- 
branchials, hypobranchials, or basibranchi- 
als were perichondrally calcified (figs. 2B, C, 
4A, C, 5, 6, 16). These uncalcified parts of 
the visceral skeleton are consequently un- 
known in H. basanus. 

The jaws are longer than the cranium 
(Woodward, 1916, p. 6) and extremely ro- 
bust. The jaw-joint lies behind the otic re- 
gion, not so far back as in Chlamydoselachus, 
but considerably farther back than in Het- 
erodontus where the jaw-joint lies below the 
orbit. Each cheek is supported by massive 
labial cartilages, comparable in size with post- 
mandibular arch components (figs. 2C, 4C, 
6C, E, 16). The hyomandibula (figs. 4D, E, 
6C, D) is directed downward, posteriorly and 
slightly outward. In Chlamydoselachus the 
hyomandibula is directed essentially poste- 
riorly (Allis, 1923), but its distal end is swung 
out laterally, to broaden the oropharyngeal 
cavity, as the mouth opens (Smith, 1937). In 
many other modern sharks, and in TJristy- 
chius (Dick, 1978), the hyomandibula is di- 
rected downward, laterally and even ante- 
riorly. In hexanchoids, Cladoselache, and 
Xenacanthus the hyomandibula is oriented 
more as in Chlamydoselachus. Zangerl and 
Williams (1975) and Zangerl and Case (1976) 
reconstructed the hyoid arch of Cobelodus in 
the same fashion as Chlamydoselachus, ex- 
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cept that they considered this arch to be non- 
suspensory (aphetothyoidean) in Cobelodus. 

There is evidence in H. basanus and other 
Hybodus species of five branchial arches, as 
in most modern elasmobranchs. The number 
of branchial arches in other fossil sharks has 
generally been uncertain. Dean (1909, p. 218) 
considered that in Cladoselache “they cer- 
tainly number five on each side, and there 
may have been a sixth and even a seventh.” 
A cladoselachian from Tennessee (NMNH 
20675) clearly has only five branchial arches, 
however (Maisey, 1980 and in preparation). 
Zangerl and Case (1976) only found calcified 
elements of three branchial arches in Co- 
belodus, but suggest that others were present. 
Dick (1978) restored Tristychius with five 
branchial arches on the basis that in one spec- 
imen five ceratobranchials are visible. The 
number of branchial arches in xenacanths has 
not been reliably determined. Specimens of 
X. decheni and “Pleuracanthus” oelbergensis 
figured by Fritsch (1895, pl. 96, figs. 1, 4) 
seem to have six arches behind the hyoid, but 
Jaekel (1906) restored “‘P.” sessilis with five. 


LABIAL CARTILAGES 


In Hybodus basanus the labial cartilages 
are enormous, and relative to head size are 
perhaps the largest of any known shark. 
Woodward (1916) identified four pairs of la- 
bial cartilages in H. basanus but BM(NH) 
40718 clearly shows five, and other speci- 
mens, e.g., BM(NH) P60110 and BM(NH) 
P13094, AMNH 4692, suggest this is prob- 
ably more usual (figs. 2B, C, 4C, 6). Wood- 
ward’s (ibid.) “‘lower anterior” is actually two 
chondrifications, a longer anterior one and a 
much smaller posterior one (here termed the 
articular labial cartilage because it forms the 
joint between lower and upper elements). 

The upper and lower anterior labial carti- 
lages are elongated, but only the lower an- 
terior one rests in a groove (figs. 2B, 4C, 6B, 
E, 16). The upper one terminates anteriorly 
beneath the ectethmoid process, and passes 
obliquely back beneath the orbit and almost 
reaches the postorbital process. Here it is 
overlain by the posterior upper labial carti- 
lage, a broad-headed element with a flattened 
upper and rounded lower cross-section. There 
is a flat articular surface between this element 
and the anterior upper labial. 
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Labial cartilages of sharks and chimaeras to illustrate various hypotheses of homology. 


Shading in Chimaera and Hybodus is keyed to (g). Lettering after Hubrecht (1876). (a-f) Chimaera, 
homology according to (a) Hubrecht, 1876; (b) Vetter, 1878; (c) Luther, 1909; (d) Allis, 1917; (e) 
Holmgren, 1942; and (f) suggested in text, with no ontogenetic transposition of upper labials; (g) Chlam- 
ydoselachus (to represent modern elasmobranchs), after Allis, 1923; (h, i) Hybodus basanus, two possible 
interpretations with (h) and without (i) ontogenetic transposition of the upper labials (interpretation of 
lower labials somewhat arbitrary). Unshaded elements are presumed to lack a homolog in Chlamydo- 


selachus \abials. 


At the joint between upper and lower la- 
bials is the small articular cartilage (?d; fig. 
17H) omitted by Woodward (1916). This and 
the posterior lower labial cartilage probably 
acted as joint fulcra, and articulate with the 
lower anterior element. As might be expect- 
ed, the corner of the mouth is adjacent to the 


labial joint; the position of the oropharyngeal 
denticles was carefully noted as preparation 
proceeded, and those lining the mouth ter- 
minated near here. 

The labial cartilages of Hybodus basanus 
are of interest in several respects. In addition 
to their considerable size, the labial cartilages 
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are more numerous than in modern elas- 
mobranchs. Furthermore, the apparent pres- 
ence of articular surfaces between some of 
the labial cartilages in H. basanus suggests 
that an intrinsic musculature was well de- 
veloped. In these respects the labial cartilages 
of H. basanus seem more like those of mod- 
ern chimaeras than those of modern sharks 
and rays. 

In modern sharks there are at most three 
labial cartilages per side (fig. 17G), two upper 
and one lower (Gegenbaur, 1872). There are 
two pairs in Notorhynchus (Daniel, 1934) and 
one in rhinobatids. In narkids there are three 
pairs of labial cartilages, but other batoids 
lack them (Holmgren, 1942). Among fossil 
chondrichthyans, Tristychius appears to have 
at least two pairs of labial cartilages (Dick, 
1978). In Notorhynchus the single upper la- 
bial cartilage may result from “‘fusion’’ of the 
anterior and posterior elements (Holmgren, 
1942), although there is no embryological 
evidence that this is the case and it is possible 
that the single element has arisen because one 
of the two chondrification centers failed to 
develop in the labial blastema. The anterior 
upper labial of modern sharks is anterior (oral) 
and external (lateral) to the posterior upper 
labial; e.g., Chlamydoselachus (Fiirbringer, 
1903; Luther, 1908; Goodey, 1910; Allis, 
1917, 1923), Mustelus (Allis, 1917), and 
Squalus (Holmgren, 1940, 1942). Interest- 
ingly, the so-called anterior upper labial first 
develops dorsally and behind the posterior 
upper labial, and later shifts to its adult po- 
sition during ontogeny (Holmgren, 1942, p. 
246). 

According to Holmgren (1942, p. 241 ef 
seq.), modern chimaeras possess large supe- 
rior and inferior maxillary cartilages and also 
paired premandibular, premaxillary, and 
prelabial cartilages. This terminology is 
somewhat unfortunate since there are con- 
notations of homology with dermal bones 
(e.g., premandibular, prelabial). As Allis 
(1917) demonstrated, however, the essen- 
tially alphabetical terminology of some ear- 
lier workers is little better. 

Among modern elasmobranchs, labial 
musculature is generally lacking. A few M. 
preorbitalis fibers are inserted into the upper 
end of the posterior upper labial cartilage in 
Heterodontus, and insertions may also be 
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present in Pristiurus, Mitsukurina, and Mus- 
telus (Luther, 1908). According to Moss 
(1977, p. 361) Ginglymostoma labials “‘have 
arelatively prominent intrinsic muscle which 
passes from the posterior face of the ventral 
cartilage to the posterior face of the inter- 
mediate cartilage.” The anterior upper labial 
of Chlamydoselachus is strongly attached to 
the M. levator labii superioris by connective 
tissue, and fibers of the M. adductor man- 
dibulae are attached mesially to the middle 
of the posterior upper labial, whereas the ten- 
don of the M. protractor anguli oris and a 
few fibers of the M. adductor mandibulae are 
attached to the posterior end of this element 
(Allis, 1923). In chimaeras labial muscula- 
ture is well developed, with six paired mus- 
cles (Luther, 1909; Holmgren, 1942). These 
muscles can be divided into two groups, ac- 
cording to their innervation, although there 
is some disagreement in the literature over 
the innervation of one of the muscles, the M. 
levator anguli oris posterior (cf. Holmgren, 
1942, p. 250; Jarvik, 1980, vol. 2, p. 388). 

A dorsal muscle group is innervated by 
motor fibers of the second trigeminal (V, of 
Luther, 1909 and Holmgren, 1942; 7. max- 
illaris of Jarvik, 1980, vol. 2), whereas the 
remaining muscles are innervated by the third 
trigeminal branch (r. mandibularis V, or V3). 
The presence of motor fibers in the chi- 
maeroid second trigeminal is unique among 
gnathostomes, but they occur in the equiv- 
alent (subocular) nerve ramus of Petromyzon 
(Holmgren, 1942, p. 250). In modern sharks 
the labial musculature is innervated only by 
the third trigeminal branch (Luther, 1908). 

Although it is not possible to arrive at any 
definite conclusions regarding labial muscu- 
lature and innervation in H. basanus, there 
are striking similarities between the arrange- 
ment and number of labial elements in this 
form and modern chimaeras, if the “‘prela- 
bial,” “‘premaxillary,“‘ and “‘premandibular” 
cartilages of the last are included. The general 
arrangement of labial cartilages in H. ba- 
sanus may be more generalized than in chi- 
maeras inasmuch as many of the labial ele- 
ments are oriented more or less parallel to 
the jaw rami and gill arches. 

Theories of homology between certain la- 
bial cartilages of chimaeras and sharks have 
been proposed from time to time, although 
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the embryological data are inadequate. There 
are consequently almost as many theories as 
authors on the subject (fig. 17). In the absence 
of reliable embryological data there is little 
hope of testing the plausibility of these the- 
ories. Nevertheless any theory concerning 
homology between shark and chimaeroid la- 
bial cartilages should not be refuted by H. 
basanus. Topographically the two upper la- 
bial cartilages of H. basanus resemble those 
of modern sharks in that one element is ex- 
ternal to the other. The outer labial of ZH. 
basanus may thus be homologous with the 
anterior upper labial of modern sharks. The 
element internal and anterior to it in H. ba- 
sanus may be either the equivalent of the pos- 
terior upper labial of modern sharks (partic- 
ularly that of the embryo; fig. 17I), or else 
another element not represented in extant 
forms (fig. 17H). In the latter case, the small 
“articular” labial of H. basanus may repre- 
sent the posterior upper labial of modern 
sharks. This interpretation is consistent with 
Hubrecht’s (1876) and Allis’s (1917) theories 
of homology between shark and chimaeroid 
labial cartilages (fig. 17A, D, H). The anterior 
upper labial of modern sharks would be ho- 
mologous with the external upper labial of 
H. basanus and with the “‘e” cartilage (sensu 
Hubrecht; = “‘pre-maxillary cartilage’ of 
Holmgren, 1942) of Chimaera. The internal 
upper labial of H. basanus would be repre- 
sented in Chimaera by Hubrecht’s cartilage 
“*f/g°’ (“prelabial cartilage’’ of Holmgren) and 
would have no equivalent in modern sharks 
unless it has become incorporated into the 
nasal complex (cf. fig. 17A, D, G, H). 

All these previous theories of homology 
inherently require the chimaeroid upper la- 
bials (“‘e”’ and “‘d’’) to transpose their posi- 
tions ontogenetically, as in modern sharks. 
From available evidence it is simply not. pos- 
sible to determine whether this is actually the 
case, however. If future embryological stud- 
ies reveal that this transposition does not oc- 
cur, it is difficult to see how cartilage ‘‘d”’ 
(=“‘superior maxillary”) of Chimaera can be 
homologous (either in whole, or in part, or 
in conjunction with other cartilages) with the 
posterior upper labial of modern sharks. 
These theories would not be refuted, how- 
ever, if transposition of elements “‘e”’ and ““d”’ 
occurs in chimaeras. In this event, the upper 
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labials of Hybodus basanus would differ from 
those of modern sharks and chimaeras, be- 
cause (a) if its upper labials have not under- 
gone transposition the internal “anterior” 
upper labial of H. basanus is homologous 
with the posterior upper labial of modern 
sharks and with the superior maxillary car- 
tilage of chimaeras, or (b) if transposition did 
occur in H. basanus, its internal upper labial 
is not represented among the labials of mod- 
ern sharks, as already discussed. Previous 
theories of homology between shark and chi- 
maeroid labials are clearly inadequate, and 
data from H. basanus show that the labial 
cartilages of sharks can approach those of chi- 
maeras in complexity. 

The question of whether labial cartilages 
represent segmental premandibular visceral 
arches involves detailed embryological stud- 
ies and comparison of various organ systems 
(e.g., nervous, vascular, musculoskeletal) that 
are beyond the scope of this work. The idea 
that premandibular arches were primitively 
present in chordates stems from Gegenbaur’s 
(1872) hypothesis that shark labial cartilages 
represent parts of two premandibular arches. 
This view was opposed by Balfour (1885) 
who, while accepting that labial cartilages are 
premandibular in position, denied the exis- 
tence of true pre-oral arches and proposed 
that the present gnathostome mouth is the 
primitive oral opening. According to Balfour 
(1885, p. 597), labial cartilages represent ves- 
tiges of a primitive suctorial mouth skeleton 
which originally occupied a pre-oral position, 
like the pre-oral suctorial apparatus of Lep- 
isosteus larvae. 

Gegenbaur’s (1872) hypothesis is support- 
ed by the contention that labials correspond 
to extrabranchial cartilage (e.g., gill rays) of 
the postmandibular visceral arches (Parker, 
1879; Bjerring, 1977; Jarvik, 1980). Such 
premandibular arches, however, would be 
unusual in being associated with stomodeal 
ectoderm rather than pharyngeal endo- 
derm like the hyoid and gill arches (Good- 
rich, 1930). At present all that can be said is 
that in sharks the labial blastemas seem to 
be of epidermal, not visceral arch origin (Jol- 
lie, 1971); and that innervation of the dorsal 
group of labial muscles in chimaeras is con- 
sistent with the view that the labial cartilages 
are premandibular, but again not necessarily 
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of visceral arch origin (although the maxillary 
branch of the trigeminal nerve resembles the 
post-trematic innervation of a visceral arch 
inasmuch as both sensory and motor fibers 
are present). 


PALATOQUADRATES 


In H. basanus the palatoquadrate is not in 
contact with its antimere symphyseally (figs. 
4B, 6B, 16). In little disturbed specimens the 
internasal keel partly separates the palato- 
quadrates anteriorly. Immediately behind this 
region, the dorsal margin of the palatoquad- 
rate rises steeply beneath the ethmopalatine 
process of the neurocranium, and is flattened 
into a broad platform which probably rep- 
resents a load-bearing surface at the front of 
the jaw. Some support would also have been 
given by the sides of the internasal keel. Thus 
there is a well-developed palatoquadrate ar- 
ticulation with the preorbital region of the 
braincase (see above; cf. Woodward, 1889a, 
1916). 

Behind the ethmoid region the palato- 
quadrate expands dorsally into the floor of 
the orbit, above the suborbital shelves. It 
slopes laterally so that its lower (tooth-bear- 
ing) margin, with its dental groove (figs. 4B, 
7A) lies much farther laterally than the dorsal 
margin, which is tucked up against the inter- 
orbital wall. Although the palatoquadrate 
deepens within the orbit, there is no orbital 
process in H. basanus. There is a rounded 
process on the anterior dorsal margin of the 
palatoquadrate of H. hauffianus but it seems 
to represent part of the ethmoidal articula- 
tion rather than a more posterior orbital one 
(Maisey, 1982). This is important since 
DeBeer (1931, p. 628; 1937, p. 419) regarded 
the orbital process of Chlamydoselachus as 
part of a second articulation, posterior to the 
ethmoidal articulation. An orbital articula- 
tion of the type found in orbitostylic sharks 
(Chlamydoselachus, hexanchoids, squaloids, 
Pristiophorus, and Squatina) is apparently 
absent in hybodonts (Maisey, 1980). The 
dorsal process of H. hauffianus should not be 
called an orbital process; nor, in my view, 
should the small process on the anterior end 
of the palatoquadrate in Xenacanthus or 
““Cladodus.”’ It clearly has no relationship to 
any articular surface on the interorbital wall, 
but is part of the more anterior ethmoidal 
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articulation (cf. Jarvik, 1977, 1980). This is 
also true of the “‘orbital process” in T7yisty- 
chius, Dick (1978, p. 84) comments that “the 
orbital process lies slightly anterior to the or- 
bit.”’ The optic foramen is situated much far- 
ther posteriorly. In orbitostylic living sharks 
the orbital process of the palatoquadrate ar- 
ticulates with the interorbital wall just behind 
the optic nerve and anterior to the optic ped- 
icle, rectus muscle complex, and (more sig- 
nificantly with regard to fossils) the foramen 
for the efferent pseudobranchial artery (Mai- 
sey, 1980). No articular surfaces are present 
in this vicinity in H. basanus, Xenacanthus, 
Tamiobatis, ‘‘Cladodus,’ Tristychius, or 
Cobelodus or among living galeomorphs or 
batoids. 

The posterior part of the palatoquadrate of 
H. basanus is contoured to fit closely against 
the floor of the braincase, but a postorbital 
articulation (as occurs in hexanchoids and 
many Paleozoic selachians) is absent. There 
is a lateral quadrate expansion, the dorsal 
surface of which underlies the postorbital 
process, while its ventral surface roofs over 
a deep adductor fossa. In lateral view the 
palatoquadrate is constricted dorsoventrally 
toward the front of the adductor fossa (figs. 
2C, 16C). Posteriorly there is a flattened sur- 
face over which the hyomandibula sits (figs. 
4A, C, 5, 6C, 16C, E). A large articular pro- 
cess (Hotton, 1952) at the extreme postero- 
lateral extremity of the quadrate flange artic- 
ulates with a cotylus in the lower jaw. Mesial 
to this the palatoquadrate has a weak quad- 
rate concavity for an articular knob on the 
lower jaw. Thus there is a ““double”’ selachi- 
an-type articulation sensu Gegenbaur (1872) 
but the lateral component is less developed 
in H. basanus than in xenacanths and Recent 
sharks (see Allis, 1923; Hotton, 1952). This 
is also true of the Liassic hybodont BM(NH) 
P50869 and Asteracanthus sp. palatoquad- 
rates, BM(NH) 12614. There is general agree- 
ment in the shape of the palatoquadrates be- 
tween H. basanus, H. hauffianus, H. dela- 
bechei, H. fraasi, and Acrodus sp., although 
in most cases these elements are preserved 
flat (Maisey, 1982). In Hybodus and Acrodus 
sp. (and probably Palaeobates, according to 
Stensié’s 1921 figure of the lower jaw) the 
teeth lie in a dental groove, as in Heptranchi- 
as. In Asteracanthus [e.g., BM(NH) 12614; 
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see also Peyer, 1946], there is no dental 
groove, much of the molariform dentition 
instead being borne on the large expansions 
from the jaw cartilages, particularly in the 
case of the palatoquadrates (Maisey, 1982, 
fig. 8). 

Thus the palatoquadrate of H. basanus 
agrees in many respects with that of other 
Mesozoic hybodonts in having a strongly 
buttressed ethmoidal articulation, deep ad- 
ductor fossa and low otic region, and pala- 
toquadrate morphology is evidently different 
from that of other sharks (Maisey, 1980, 
1982). There is no evidence of a postorbital 
articulation in H. basanus, but Thomson 
(personal commun.) finds a transverse groove 
on the low otic region of a Triassic hybodont 
palatoquadrate from Madagascar. Interest- 
ingly, Dick (1978) found a similarly posi- 
tioned ridge on the palatoquadrate of Tris- 
tychius, which he interpreted as a postorbital 
articulation, located on the ventral surface of 
the postorbital process. Comparison of the 
palatoquadrates of H. basanus and Thom- 
son’s hybodont suggests that the latter had a 
postorbital articulation beneath the postor- 
bital process, as in Tristychius. In other sharks 
where a postorbital articulation is present, it 
is Situated on the posterior wall of the post- 
orbital process. The unusual location of this 
articulation in Tristychius may therefore be 
a character uniting it with primitive hybo- 
donts (corroborating other characters used by 
Dick, 1978, such as the presence of calcified 
ribs and certain features of the finspines; but 
see Maisey, 1982, for an alternative view). 


MECKEL’S CARTILAGE 


Woodward (1916) had very few comments 
on the Meckel’s cartilage of H. basanus: ““The 
rami of the mandible, though deep and mas- 
sive behind, rapidly taper forwards and meet 
at their comparatively feeble symphysis, 
which does not extend so far as the end of 
the upper jaw.” 

The lower jaw is slightly shorter than the 
upper. When the mouth was tightly closed, 
the lower jaw fitted just inside the upper, and 
the teeth interlocked as in modern preda- 
ceous sharks (figs. 2C, 6A, B, 7C). The sym- 
physis is certainly weak, although it is exten- 
sive (figs. 2B, 6E, 7B). Lateral to the symphysis 
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is a vague, shallow groove running poste- 
riorly from near the front of the lower jaw. 
This is occupied by an elongate lower labial 
cartilage. The groove dies away about half- 
way along the jaw, and is delimited dorsally 
by an outward bulge which reflects the po- 
sition of the dental groove mesially on the 
cartilage. In lateral view the lower jaw rises 
posteriorly into a low eminence forming the 
posterior margin of a posterolateral articular 
cotylus into which the articular process of the 
palatoquadrate fits. Anterior to this is a pro- 
nounced mandibular knob, fitting into the 
quadrate cavity. On its visceral surface, 
Meckel’s cartilage has a pronounced ridge 
passing ventrally from the mandibular knob 
(figs. 5, 16E). The ridge, termed here the in- 
ternal mandibular ridge, is characteristically 
present in sharks. It loosely defines the an- 
terior limit of a shallow, concave area (termed 
here the internal mandibular concavity) on 
the visceral surface of the mandible, ventral 
to the articular cotylus. In modern sharks the 
internal mandibular concavity is occupied by 
the proximal end of the ceratohyal and by 
the mandibular ligament. This ligament 
passes viscerally over the internal mandib- 
ular ridge, and attaches to the palatoquadrate 
(Hiller, 1926). Relative development of the 
secondary joint (mandibular knob and quad- 
rate concavity) and of the internal mandib- 
ular ridge and concavity is highly variable 
among Recent and fossil sharks (Maisey, in 
preparation). Adductor mandibulae muscles 
would have been attached to the lateral sur- 
face of Meckel’s cartilage as in other sharks, 
an arrangement which is probably primitive 
for gnathostomes (Lauder, 1980). 


Hyorp ARCH 


Where a postorbital articulation 1s well de- 
veloped, as in Heptranchias, Xenacanthus, 
and Acanthodes, the hyomandibula is di- 
rected posteriorly and to some extent ven- 
trolaterally, more or less parallel to the dorsal 
margin of the palatoquadrate otic process. 
The hyomandibula retains this orientation in 
elasmobranchs such as Chlamydoselachus, 
even though a postorbital articulation is ab- 
sent. The hyomandibula is largely obscured 
by the palatoquadrate in lateral view. In many 
other modern elasmobranchs (especially in 
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forms where the jaws are relatively short and 
oriented in a transverse plane), the hyoman- 
dibula is more visible in lateral view. The 
hyomandibula is also exposed in this way in 
Tristychius (Dick, 1978) and H. basanus 
(Woodward, 1916). In H. basanus, however, 
the arrangement of the hyoid arch and its 
relationship to the jaws and braincase have 
aot until now been critically examined, al- 
though a brief account of the role of the hy- 
oid arch in the jaw suspension of H. ba- 
sanus has appeared elsewhere (Maisey, 1980). 
In H. basanus the hyomandibular articula- 
tion is fully exposed on the side of the head, 
while the otic region of the palatoquadrate is 
partially concealed by the postorbital process 
(figs. 6C, D, 16 C, E). Several articulated spec- 
imens show the position of the hyoman- 
dibula, e.g., BM(NH) P60110, BM(NH) 
P13094. Despite this, Woodward’s (1916) 
restoration attempted to tuck the hyoman- 
dibula behind the palatoquadrate, as did my 
own restoration before the cranium and jaws 
of BM(NH) 40718 were separated. In this 
specimen the palatoquadrate otic process al- 
most meets the braincase behind the post- 
orbital process, and there is no room for a 
hyomandibula between them. 

The hyomandibula is clublike in lateral 
view, with a broad, anteriorly directed prox- 
imal end (figs. 4D, 6C, D). As Woodward 
(1916, pp. 6-7) noted, it is a slender cartilage, 
slightly compressed laterally. Its character- 
istic shape readily distinguishes it from other 
visceral arch elements. The proximal artic- 
ular surface is rounded, fitting into a depres- 
sion on the side of the otic capsule. Both 
hyomandibulae of BM(NH) P11870 (Wood- 
ward, 1916, pl. 11, figs. 1 and 1A; and fig. 
6C-E here) are in situ. The head of the left 
hyomandibula is preserved almost in situ in 
BM(NH) 40718. The hyomandibula meets 
the ceratohyal just behind the jaw-joint, in 
the usual selachian configuration. Only dor- 
sally does the hyomandibula overlie the pal- 
atoquadrate. Seen from behind this arrange- 
ment is less peculiar than the lateral view 
suggests (fig. 16E). The ceratohyal extends 
from behind the jaw-joint to just behind the 
Meckelian symphysis. A basihyal separates 
the ceratohyals (Woodward, 1889a, pl. 12, 
fig. 3; see fig. 2B here). Anteriorly the cera- 
tohyals have expanded articular surfaces (figs. 
2B, 16) and resemble the ceratobranchials 
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except that the latter are concavo-convex in 
cross-section with the mesial surface con- 
cave. Hyoidean gill-rays are well developed 
in the Liassic hybodontid BM(NH) P50869; 
at least six are still attached to the right cer- 
atohyal. These rays are not known in H. ba- 
Sanus. 

In living elasmobranchs the hyoid and 
mandibular arches are always united liga- 
mentously in the vicinity of the jaw-joint. 
More specifically, the ceratohyal of the hyoid 
arch is strongly tied, by means of ligaments, 
to Meckel’s cartilage (Gadow, 1888; Allis, 
1923). In some living elasmobranchs the 
hyomandibula articulates with the mandibu- 
lar knob of Meckel’s cartilage (e.g., Squalus); 
this is generally considered to be a derived 
condition. Hotton (1952) has summarized the 
variability of this union between the hyoid 
and mandibular arches in elasmobranchs as 
follows: 

“in living forms with well developed quad- 
rate concavities there is no direct ligamentous 
connection between the mandibular knob and 
the hyomandibular cartilage, although in 
Heterodontus a process of the latter abuts 
against the mandibular knob. In more ad- 
vanced forms, in which the quadrate con- 
cavity is poorly developed or lacking, a strong 
ligament connects the mandibular knob with 
the hyomandibular cartilage.” 

Hotton (1952) also proposed that the 
hyomandibula of modern hexanchoids is not 
suspensory, because it lacks an articulation 
and/or a ligamentous attachment with Meck- 
el’s cartilage. Nonetheless, the hyomandibula 
and ceratohyal of all living elasmobranchs 
are united by an articulation and by liga- 
ments, and the hyoid arch as a whole there- 
fore contributes to jaw support. This support 
ranges from the almost exclusively hyoidean 
suspension of batoids at one extreme, to the 
far simpler condition where the hyoid arch 
offers some lateral limitation to jaw eversion, 
but little else (e.g., Notorhynchus, Katherine 
Wolfram, personal commun., and in prepa- 
ration). Thus even where a hyomandibula is 
““non-suspensory”’ (sensu Hotton, 1952), the 
hyoid arch contributes to jaw support, and is 
therefore functionally hyostylic (Maisey, 
1980). 

Hotton (1952) interpreted the hyomandib- 
ula of Xenacanthus as lacking an articulation 
and presumably any ligamentous attachment 
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with the mandibular knob of Meckel’s car- 
tilage. Unfortunately, Hotton’s study was 
based on disassociated remains, but a com- 
plete head, with jaws and hyoid arch intact 
(MCZ 12872, figured in Schaeffer, 1981, fig. 
1) seems to corroborate Hotton’s view. Ar- 
ticulated H. basanus heads [particularly 
BM(NH) P60110] suggest that, as in Xen- 
acanthus, the hyomandibula did not articu- 
late with the mandibular knob of Meckel’s 
cartilage. In both H. basanus and Xenacan- 
thus the mandibular knob is situated away 
from the distal end of the hyomandibula, 
whereas the auxiliary jaw articulation is 
markedly anterior to the primary lateral one. 
Jaw suspension in H. basanus resembles that 
of most living elasmobranchs in that the post- 
orbital articulation is lost, the palatoquadrate 
lacks a big otic process, and the hyoman- 
dibula serves as the only direct endoskeletal 
link between the neurocranium and mandib- 
ular joint; but unlike the majority of these 
modern elasmobranchs, H. basanus has not 
acquired a strong articulation between the 
hyomandibula and the mandibular knob of 
Meckel’s cartilage. As hexanchoids illustrate, 
however, such an articulation is not a cor- 
ollary of jaw support by the hyoid arch. 

It is difficult to make comparisons between 
H. basanus and other fossil sharks. In 7vis- 
tychius the mandibular knob (“mandibular 
process” of Dick, 1978) seems to have lain 
only slightly anterior to the primary articu- 
lation, but it is doubtful whether the hyo- 
mandibula and mandibular knob actually 
met. 

According to Zangerl and Williams (1975) 
the hyomandibula of Cobelodus did not meet 
the jaw-joint distally, and this form has con- 
sequently been considered aphetohyoidean 
(sensu Watson, 1937). Their argument rests 
on the way in which the visceral arches are 
reconstructed. Even without an involved dis- 
cussion of alternative arrangements, how- 
ever, it is clear from the preceding comments 
that lack ofa hyomandibular articulation with 
Meckel’s cartilage is not an indicator of aphe- 
tohyoidy. Notorhynchus is not aphetohyoi- 
dean, nor are chimaeras, and presumably nor 
were Xenacanthus or Hybodus. There is no 
evidence that the ceratohyal of Cobelodus 
lacked ligamentous connections with Meck- 
el’s cartilage, and the hyomandibula articu- 
lated with the neurocranium as in other 
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sharks. It is therefore concluded that the hyoid 
arch of Cobelodus offered just as much jaw 
‘support’ as in hexanchoids, even if the dis- 
tal end of the hyomandibula lay some dis- 
tance behind the jaw joint in Cobelodus. There 
is every indication in the Tennessee clado- 
selachian (NMNH 20675) that the hyoman- 
dibula terminated distally much closer to the 
jaw-joint than Zangerl and Williams (1975) 
indicate in Cobelodus, but it is not yet estab- 
lished whether the mandibular knob made 
contact with the hyomandibula in the clad- 
oselachian. 

Cleaning the hyoid arch elements of 
BM(NH) P60110 has provided further data 
on the ceratohyal and “‘basihyal” of H. ba- 
sanus. The end of the ceratohyal adjacent to 
the jaw-joint is hollowed out on its lateral 
surface, forming a deep pocket. The function 
of this pocket is unknown although it prob- 
ably provided an attachment for ligaments 
uniting the hyoid and mandibular arches. It 
is unlikely to have housed the equivalent of 
an adductor branchialis muscle since no 
modern shark, ray, or chimaeroid possesses 
an adductor hyomandibularis muscle (Edge- 
worth, 1935). A similar but shallower pocket 
is noted on some galeomorph ceratohyals, 
and there seems to have been a deep pocket 
in Xenacanthus ceratohyals from Texas. 

The “‘basihyal” of Hybodus basanus is a 
large, rounded element with a flat upper sur- 
face which was covered in denticles (AMNH 
4692). Ventrally the “basihyal”’ is hollowed 
out by a pair of extremely large concavities 
separated only by a thin vertical septum of 
calcified cartilage. This septum broadens an- 
teriorly to form a wide anterior margin which 
slopes steeply away from the flat upper sur- 
face. Posteriorly the septum again broadens, 
but not nearly so much as anteriorly. The 
ceratohyals articulate with the ventrolateral 
sides of the “‘basihyal,”’ on either side of the 
paired concavities. The first ceratobranchial 
articulates with the posterior margin of the 
‘“‘basihyal.”” A more complete description of 
the visceral skeleton of H. basanus is planned, 
after preparation of additional material. 


JAW SUSPENSION AND 
FEEDING MECHANISM 


The jaw suspension of H. basanus not only 
differs from those patterns found in modern 
elasmobranchs, but also from the suspenso- 
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rial arrangements found in many other fossil 
sharks, such as Xenacanthus, Cladoselache, 
and Cobelodus. Nonetheless, all these sus- 
pension patterns have several features in 
common. In particular, the ethmoid articu- 
lation is well developed, and posteriorly the 
mandibular and hyoid arches are intimately 
associated, so that support was probably giv- 
en by the hyomandibula (either by direct ar- 
ticulation with Meckel’s cartilage, or by means 
of ligamentous attachments). 

Although the dorsal margin of the pala- 
toquadrate in Hybodus basanus is contoured 
to fit closely against the braincase between 
the ethmoid and otic regions there is no evi- 
dence of any articular surfaces (e.g., orbital 
process, basitrabecular articulation). In ZH. 
basanus, the jaws seem to have been sup- 
ported only by the ethmoid articulation and 
hyoid arch. Within the constraints of such a 
system, the possible jaw movements of H. 
basanus are briefly considered. 

Anteriorly the dorsal ramus of the pala- 
toquadrate is contained by the deep groove 
which is floored by the anterior part of the 
palatobasal ridge and roofed by the ethmo- 
palatine process. There is no indication of 
ridges and grooves on either the palatoquad- 
rate or the braincase in this region (cf. Co- 
belodus, Xenacanthus, and various other Pa- 
leozoic sharks; see Zangerl and Case, 1976; 
Schaeffer, 1981). Thus the palatoquadrate of 
H. basanus was probably free to slide antero- 
posteriorly and also laterally with respect to 
the ethmoid groove. Examination of the eth- 
moid region in H. basanus gives no indica- 
tion as to the limits of such movements, how- 
ever. Probably the greatest constraints were 
made by the hyomandibula because of its 
position behind the large, downturned post- 
orbital process. This position imposes re- 
strictions upon anteroposterior movement. 
Nevertheless, the hyomandibular articula- 
tion with the braincase would permit lateral 
movement, allowing the mandibular joint to 
swing outward. According to Moss (1977, p. 
358), this type of lateral hyomandibular 
movement is present among those modern 
sharks where the hyomandibula is elongated 
and directed posteriorly from the braincase. 
Such movement serves to increase the gape 
laterally and also to maximize its vertical ex- 
tent. In lamniforms and carcharhiniforms the 
movement also introduces an anterior rota- 
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tion to the biting mechanism. Such move- 
ment is apparently not possible in orbito- 
stylic (sensu Maisey, 1980) sharks, where the 
palatoquadrate orbital process articulates with 
the interorbital septum. Even in hexan- 
choids, where the hyomandibula is long and 
posteriorly directed, palatoquadrate move- 
ment is confined to a vertical plane with re- 
spect to the neurocranium (Moss, 1977). As 
previously discussed, an orbital process of 
this type is absent in H. basanus. It is con- 
cluded that, despite several differences in the 
configuration of the jaws and braincase be- 
tween carcharhiniforms and lamniforms on 
one hand, and H. basanus on the other (no- 
tably the much stronger ethmoidal support 
of the latter), jaw movement in H. ba- 
sanus probably resembled that occurring in 
these modern sharks more than in any other. 

Modern studies of feeding mechanism in 
sharks support Balfour’s (1885) view that la- 
bial cartilages are an important part of a suc- 
torial mechanism (Tanaka, 1973; Compa- 
gno, 1973; Moss, 1977). In Ginglymostoma 
the lower and posterior upper labial cartilages 
are united by a fairly strong muscle, which 
acts to extend the sides of the mouth into a 
tubular shape (Moss, 1977, p. 361). The ©. 
coracobranchialis and M. coracohyoideus are 
prominent and serve to enlarge the pharynx 
during prey ingestion, whereas the M. cora- 
comandibularis is comparatively small. As 
discussed earlier, the prominent labial carti- 
lages of H. basanus suggest that labial mus- 
culature was also well developed in the side 
of the mouth. Therefore, it is quite likely that 
H. basanus was in part a suctorial feeder, like 
Ginglymostoma. This is a curious combina- 
tion of features since H. basanus seems to 
have been capable of limited lateral jaw 
movement combined with some rotation, like 
modern lamniforms and carcharhiniforms, 
as well as possessing a suctorial mechanism 
of the type found in orectoloboids. While 
Moss (1977) considered the “‘suction-crush- 
ing”’ suctorial feeding mechanism of orecto- 
loboids to be distinct from the “gouging” ro- 
tational mechanism of lamniforms and 
carcharhiniforms, it is significant that he re- 
garded the former mechanism as a modifi- 
cation of the latter (Moss, 1977, fig. 5). In 
many sharks, including hexanchoids and 
squaloids, the M. coracohyoideus is more 
prominent than the M. coracomandibularis, 
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suggesting that dilation of the pharynx is more 
than simply an aid to allowing the mouth to 
open. Moss (1977, p. 360) speculated that 
suction may play an important part in squa- 
loid feeding mechanisms. In fact, it is pos- 
sible that a suctorial mechanism is primi- 
tively present in elasmobranchs, as Balfour 
(1885) implied, but has become reduced in 
various raptorial feeders. Such a mechanism 
would be particularly useful among early 
sharks, whose jaw suspension is generally vi- 
sualized as being fairly rigid (Gross, 1937, 
1938; Harris, 1938; Hotton, 1952; Schaeffer, 
1967, 1981; Zangerl and Williams, 1975). 
Hybodus basanus lacks a postorbital pala- 
toquadrate articulation; apparently it has 
achieved this condition independently of 
modern hyostylic sharks (Maisey, 1980, 
1982), and any rotational jaw movement 
would consequently also seem to have been 
secondarily acquired, while its primitive suc- 
torial mouthparts have become elaborated. 
Thus H. basanus was probably in part a suc- 
torial feeder, at least during the earliest phas- 
es of ingestion, but was probably able to seize 
quite large prey. The only direct evidence of 
hybodont prey is seen in H.. hauffianus, which 
consumed quantities of belemnites (Brown, 
1900, pl. 16, fig. 1). The jaws of this species 
seem to resemble those of H. basanus closely 
(Maisey, 1982). It must be remembered, 
however, that the jaws and dentition of dif- 
ferent hybodont genera display considerable 
variation, so that the preceding comments on 
the jaw suspension and feeding mechanism 
in H. basanus may be inapplicable to other 
hybodonts such as Asteracanthus, a form 
which has a molariform dentition and pe- 
culiarly modified palatoquadrates (Peyer, 
1946; Maisey, 1982). 


BRANCHIAL SKELETON 


Hybodus basanus has five gill arches be- 
hind the hyoid arch, in common with many 
living sharks (Woodward, 1889a, p. 274; 
1916, p. 8). In BM(NH) P2082 and BM(NH) 
P11872 the ceratobranchials are visible; epi- 
branchials are also exposed in BM(NH) 
P2082. There is no sign of calcified basi- 
branchials, hypobranchials, pharyngobran- 
chials, or extrabranchials. 

The ceratobranchials and ceratohyals are 
similar, and form a continuous series grad- 
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ually diminishing in diameter and length pos- 
teriorly. Their diameters in BM(NH) P2082 
are as follows: Ceratobranchial I—15 mm.; 
II—10 mm.; I—8 mm.; IV—5 mm.; V—2 
mm. 

Each ceratobranchial is separated from its 
antimere by a broad space, and presumably 
were separated by uncalcified hypobranchials 
and basibranchials. The gill arches have in- 
variably collapsed dorsally into the oralo- 
branchial chamber, but remain in sequence. 
Although pharyngobranchials are unknown 
in Hybodus basanus they are present in H. 
hauffianus (Koken, 1907) and H. cassangen- 
sis (Maisey, 1982). There is no evidence of 
calcified gill rays in H. basanus. 

The only other fossil sharks in which pha- 
ryngobranchials have been described in some 
detail are Permian xenacanths from Ger- 
many (Koken, 1889; Fritsch, 1889, 1895; 
Jaekel, 1895, 1906). These are also the only 
fossil sharks in which the hypo- and basi- 
branchial skeleton is reasonably well known. 
Although there are discrepancies between 
various accounts, all but Jaekel (1906) agree 
that the hypobranchials are posteriorly di- 
rected as in modern elasmobranchs. Jaekel 
(1906, figs. 1, 2) shows these elements di- 
rected forward, as in osteichthyans and acan- 
thodians (see Miles, 1968; Nelson, 1968, 
1969; Moy-Thomas and Miles, 1971). Jaekel 
(1895) figured paired hypohyals in an un- 
specified (hypothetical?) xenacanth. Such 
structures have not been reported in modern 
elasmobranchs, Cobelodus, Cladoselache, 
Hybodus hauffianus, or xenacanths described 
by Fritsch (1895), and they have not been 
found in H. basanus. 

Inside the crushed oropharyngeal region of 
one Hybodus basanus specimen, BM(NH) 
P6356, are fragments of calcified gill fila- 
ments. Preservation of these structures has 
not previously been reported in fossil sharks. 
The morphology of these filaments is not 
clear, as few pieces remain intact, but they 
do not seem to have been as slender and elon- 
gated, or as numerous as in Chlamydosela- 
chus (Allis, 1923) or Notorhynchus (Daniel, 
1934). Gill filaments are also preserved in the 
Tennessee cladoselachian, NMNH 20675, 
and are clearly short, as in H. basanus and 
Squatina, despite the presence of extremely 
long supporting gill rays. The apparent sim- 
ilarity in size, shape, and low number of gill 
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filaments between H. basanus and cladose- 
lachian specimens contradicts the view that 
the greater number of gill filaments in No- 
torhynchus is a generalized condition (Dan- 
iel, 1934, p. 149). It is not possible to deter- 
mine whether in H. basanus the filaments of 
the posterior demibranch are longer than 
those of the anterior, as is generally the case 
in modern elasmobranchs. 


ENDOSKELETAL CALCIFICATION IN 
HYBODUS BASANUS 


The cranial endoskeleton of H. basanus is 
perichondrally calcified by a layer of pris- 
matic apatite calcifications as in modern elas- 
mobranchs, where this layer forms a loosely 
attached sheath to the unmineralized carti- 
lage (Moss, 1977). This prismatic layer is eas- 
ily damaged (or even entirely removed) when 
a shark skeleton is prepared by maceration, 
yet it is all that remains of the endoskeleton 
in fossil sharks. In most modern chondrich- 
thyans there is only a single layer of these 
prisms, although complex invaginations of 
the perichondrium may result in apparently 
doubling-up of layers (e.g., in the pristid ros- 
trum; Casier, 1949). Experimental work has 
shown that there is a high turnover rate of 
apatite in the prismatic tissue, suggesting a 
constant remodeling process (Applegate, 
1967), although the details of this process are 
not understood. Individual prisms are united 
by radiating bundles of collagen fibers (Barg- 
mann, 1939; Kemp and Westrin, 1979), and 
it seems likely that the skeletal enlargement 
is in part accomplished by growth of indi- 
vidual prisms (Schaeffer, 1981). 

In many Paleozoic sharks more than one 
layer of perichondral prisms is usually pres- 
ent. This condition has been found in Perm- 
ian xenacanths (Fritsch, 1889, p. 191, figs. 
176-180; pl. 90, fig. 6B; Schaeffer, 1981, 
p. 33, fig. 17), Ctenacanthus compressus 
(AMNH 189), Tamiobatis sp. (AMNH 2140; 
Schaeffer, 1981, fig. 22); in various indeter- 
minate shark jaws and visceral arch com- 
ponents from the St. Louis Limestone of II- 
linois(AMNH 106 and 107; NMNH 299647), 
in stethacanthids from the Pennsylvanian of 
Arkansas (Maisey, in preparation), and in an 
indeterminate elasmobranch from the late 
Cretaceous of Kansas (UNMNH IP 16868). 
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Furthermore, there are reports of multiple 
layering in Orodus sp. (Rainer Zangerl, per- 
sonal commun.). In Hybodus basanus there 
is generally only a single layer of perichondral 
prisms over the neurocranium, jaws, and vis- 
ceral arches, but there is evidence of two or 
three prism layers around the posterior sem1- 
circular canals and in the basicranium of 
AMNH 4692. The occipital region in a spec- 
imen of Hybodus reticulatus, BM(NH) 
P2203d, is also strongly calcified and appar- 
ently has several layers of perichondral 
prisms. This disjunct occurrence of multiple 
prism layers in various sharks makes it im- 
possible to use multiple layering per se as a 
synapomorphy of xenacanths and cten- 
acanths (cf. Schaeffer, 1981, p. 62). Never- 
theless, only in xenacanths, Tamiobatis and 
ctenacanths is the neurocranium heavily 
mineralized by numerous prism layers; in 
other forms the jaws and visceral arches may 
be heavily calcified, but there are generally 
few prism layers in the neurocranium. The 
phylogenetic implications of this character 
distribution are obscure, however. Multiple 
prism layering does not seem to be a simple 
growth-related phenomenon. 


THE DERMAL SKELETON 
TEETH 


Preparation of BM(NH) P6356 and AMNH 
4692 verifies the dental variation already 
noted by Woodward (1916) and Patterson 
(1966). All teeth are multicuspid and sharply 
pointed, even those from the posteriormost 
files (figs. 7, 18). The central cusp inclines 
progressively farther posteriorly in tooth files 
nearer the jaw-joint. As many as three or four 
pairs of lateral cusps are usually present, al- 
though there may be fewer (see below), and 
all but the outermost pair are strongly striat- 
ed. Striations extend almost to the tip of the 
central cusp lingually, but are often less ex- 
tensive labially. 

The basal plate of each tooth is penetrated 
by numerous unevenly distributed foramina. 
The lingual margin of the basal plate extends 
as a small lingual torus, somewhat as in Syn- 
echodus, Palaeospinax, and cladodont teeth 
but never to the same extent. No specialized 
foramina are present in the basal plate of H. 
basanus teeth (Patterson, 1966) 


"OZ sINZy pue x9} 90S 
UONLULA J9YIO IO. “YI99} 14S pue 19] Us9mJ0q ADURAOIOSIP 9ZIS 910U ‘oTVOS 01 UMVIP Ie 199} [TY “Selles JUsWIs0R|daI YoRO 
WOJJ PIeIsN]]I St YOO} TeuOTJOUNZ pUOdes JO ISIg OY °769h HNWY Woy ‘uoeLea [eJUsp snuvsyg snpoqdy °8 “Ol 


1197] 49M07 


I) 


oh LL 


197 saddn 


WYBiy JeMO7 


symphysis 


w5iy seddy 


50 AMERICAN MUSEUM NOVITATES 


Neither Woodward (1916, 1919) nor Pat- 
terson (1966) has figured a complete den- 
tition of H. basanus. I have therefore includ- 
ed an outline restoration, based on AMNH 
4692, to illustrate the general tooth form, the 
number of tooth files, absence of an upper 
symphyseal series, and alternation of upper 
and lower teeth (fig. 18). This represents the 
first detailed account of a complete hybodont 
dentition based on an individual specimen. 
Previous accounts of hybodont dentitions are 
either based on incomplete material (e.g., 
Woodward, 1889a; Peyer, 1946) or are res- 
torations of disassociated teeth (e.g., Patter- 
son, 1966). 

Among living elasmobranch species there 
can be considerable variation in the denti- 
tion, e.g., in number of tooth rows (Gudger, 
1933, 1937; Applegate, 1965; Sadowsky, 
1970; Taniuchi, 1970; Reif, 1976), in the 
number of accessory cusps (Gudger, 1937; 
Sadowsky, 1970; Taniuchi, 1970), between 
sexes (Bigelow and Schroeder, 1953; Mc- 
Eachran, Boesch, and Musick, 1976; Thom- 
son, Findley, and Kerstitch, 1979; McCourt 
and Kerstitch, 1980). Moreover, tooth re- 
placement may be orderly and regulated, e.g., 
Dalatias, Isistius, or it may be localized, with 
adjacent tooth files operating at different re- 
placement rates, e.g., many lamnoids (Lan- 
dolt, 1947; James, 1953; Strasburg, 1963). In 
addition to all this ““normal”’ variation, den- 
tal abnormalities have also been reported, 
mostly examples of tooth pattern reversal 
(Gudger, 1937; Compagno, 1967; Reif, 1978a, 
1980). Therefore to study the dentition of an 
individual fossil shark might seem hopeless, 
in the face of so many formidable possibili- 
ties for variation. Taxonomic studies of fossil 
sharks are certainly unreliable when based 
solely upon teeth. For example, White’s 
(1931) subdivision of odontaspids into sub- 
genera Odontaspis, Synodontaspis, and Par- 
odontaspis is founded upon characters that 
all fall within the observed variation of the 
living sandshark Carcharias taurus (Apple- 
gate, 1965; Sadowsky, 1970; Taniuchi, 1970). 
Similarly, variation within the dentition of 
H. basanus seems broad enough to include 
teeth which have previously been referred to 
distinct species, e.g., H. ensis, H. parvidens 
(Woodward, 1916; Patterson, 1966). 

In order to make a meaningful study of H. 
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basanus teeth, the dentition of AMNH 4692 
is described, as it represents the best pre- 
served example. Following this description 
some comments on variation between this 
and other individuals are made, since it is 
often possible to compare parts of several 
dentitions even though the entire array is not 
visible. 

The dentition of AMNH 4692 is shown in 
figures 7A, B, and 18. Additional teeth from 
other individuals can be seen in figure 7C and 
D. In AMNH 4692 10 replacement series of 
teeth have been identified in the upper right 
dentition, and 11 or 12 in the upper left. In 
all probability there were 11 or 12 series in 
the upper right ramus, but small posterior 
teeth like those in the upper left dentition 
have not been discovered. Ten series are 
present in each lower ramus, but the first se- 
ries in the lower left dentition is broken and 
may correspond to the symphyseal series of 
other specimens. In AMNH 4692, however, 
this series does not align with the symphysis 
[symphyseal teeth of BM(NH) 6356 are shown 
in fig. 7C]. 

Teeth of adjacent series are arranged al- 
ternately, as in many carcharhinoids. Thus 
teeth in any given replacement series cannot 


Fic. 19. Rotation diagram for Hybodus ba- 
sanus lower right anterior teeth, from measure- 
ments of AMNH 4692. Convention of diagram 
after James (1953). Teeth 1 and 2 are considered 
functional; remaining teeth lie within dental groove 
and are non-functional. 
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Sequence of tooth-rows from symphysis 
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Fic. 20. Variation in lateral cusp numbers in all teeth of AMNH 4692. The dentition is considered 
as four quadrants (upper right, upper left; lower right, lower left) and replacement series are assigned 
numbers from front (1) to back (12). Successional teeth are sequenced labio-lingually (1-3 or 1-5), and 
the number of anterior and posterior lateral cusps are given for each tooth; thus each small rectangle 
represents a tooth. Short dashes indicate broken teeth (exact count unavailable); blank spaces indicate 


missing tooth. * indicates malformed tooth. 


be lost until the preceding tooth in each ad- 
jacent file is shed (Strasburg, 1963, fig. 5B, 
D). The proximity of adjacent tooth series in 
H. basanus suggests that its dental lamina 
was continuous around the jaw arcade. Up- 
per and lower tooth series are offset, so the 
teeth interlock when the mouth is closed (fig. 
7C). There is no upper symphyseal series. 
Within each replacement series there are 
two or three non-functional teeth and one or 
two in the functional position (fig. 7A, B). In 
AMNH 4692 the lingualmost teeth lack any 
basal platform, and sometimes the accessory 
cusps are found separately. These teeth evi- 
dently lay deepest within the dental lamina 
and represent the newest teeth, which were 


undergoing development at the time the shark | 


died. It is possible to measure the rotational 


angles of the teeth in H. basanus (fig. 19) for 
comparison with living sharks (e.g., James, 
1953). Teeth are rotated approximately 65° 
before they occupy an apparently functional 
position in H. basanus, and evidently re- 
mained attached to the jaw beyond 90° ro- 
tation. Few teeth are preserved with an ap- 
parent rotation of more than 90° (although 
in such an exposed position their chances of 
preservation in situ would be remote). This 
rotation corresponds closely with that doc- 
umented in Lamna (James, 1953, fig. 8); there 
is no indication of an abrupt change in ro- 
tational angle from a non-functional to a 
functional position, as occurs in Carcharhi- 
nus, Dalatias, and modern hexanchoids. 

It is difficult to distinguish anterior and 
lateral teeth, although the more posterior 
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lower laterals are decidedly stubbier and have 
steeply inclined cusps (fig. 18). The principal 
cusp of an anterior tooth has slightly stronger 
sinusoidal curvature in a labio-lingual direc- 
tion than more lateral teeth. Accessory cusps 
are elongate and slender in the anteriormost 
five or six rows of upper and lower teeth, and 
reach a maximum length in the fifth; lateral 
teeth have lower, triangular accessory cusps. 
It is also difficult to distinguish upper and 
lower teeth. The principal cusp of an upper 
tooth is rounded in cross-section; in a lower 
tooth the cross-section is slightly broader and 
the principal cusp is therefore slightly more 
bladelike. The difference is not great, how- 
ever, and would probably prove an unreliable 
means of distinguishing isolated teeth. 

The tooth crown of Hybodus basanus is 
ornamented by many fine striae which often 
bifurcate basally. The lingual face of the crown 
is almost entirely striated, but according to 
Woodward (1916) and Patterson (1966) only 
the lower part of the principal cusp is striated 
labially. This is true only of the anterior teeth, 
however. Farther posteriorly the labial sur- 
face of the principal cusp is just as strongly 
striated as the lingual surface. 

Figure 18 illustrates the variation in tooth 
shape and ornamentation in AMNH 4692. 
In most cases, either the first or second func- 
tional tooth in each series has been drawn. It 
will be noted that while principal cusp height 
becomes lower posteriorly, the vertical extent 
of striations on the labial surface does not 
diminish appreciably. The taller anterior teeth 
are therefore striated only proximally, where- 
as shorter posterior teeth are more complete- 
ly striated. Large anterior teeth of H. basanus 
closely resemble teeth referred to H. ensis 
with respect to their striation patterns, where- 
as smaller posterior teeth of H. basanus agree 
with H. parvidens teeth in their ornament. 
Interestingly, H. ensis teeth are characteris- 
tically large, with a tall principal cusp, and 
teeth referred to H. parvidens are usually 
small, with a fairly low cusp (Woodward, 
1916; Patterson, 1966). This raises the pos- 
sibility that the supposedly specific differ- 
ences between these teeth are merely reflec- 
tions of different-sized individuals and of 
different topographic positions within the 
mouth. 

Woodward (1916) and Patterson (1966) 
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Fic. 21. 


Hybodus basanus, BM(NH) P6356, 
dorsal view of endolymphatic fossa, showing scales 
and muscle fibers. Anterior toward top of figure. 


thought that the stratigraphic range of Hyb- 
odus parvidens was entirely below that of H. 
basanus. Remapping of the Bexhill area and 
the ostracod evidence (see “Materials and 
Methods’’) suggest that H. basanus-bearing 
deposits should be placed at lower strati- 
graphic levels (e.g., Wadhurst Clay or Ash- 
down Series; Professor P. Allen, personal 
commun.), as Charles Dawson suggested in 
his letter to Woodward. This would make H. 
basanus contemporaneous with H. parvi- 
dens. Patterson’s (1966, p. 300) comment that 
H. parvidens “did not become extinct, but 
evolved into H. basanus by a further increase 
in crown height and in the number of striae, 
coupled with an increase in size’ underlines 
the difficulty in separating these species; the 
same is true of the Wealden H. ensis, whose 
teeth “show a trend towards narrowing of the 
central cusp, sometimes accompanied by 
coarsening and lengthening of the striae which 
may produce teeth closely similar to those of 
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Anterior toward top of figure. 


H. basanus in shape” (Patterson, 1966, p. 
295). | 

Variation in the number of accessory cusps 
in teeth of AMNH 4692 is shown in figure 
20. The dentition is separated into four com- 
ponents (upper, lower; left, right), and adja- 
cent replacement series are numbered from 
front to back. Within each series teeth are 
numbered labio-lingually. For each tooth ac- 
cessory cusps are counted both anterior and 
posterior to the principal cusp. A blank space 
indicates that the tooth is missing from the 
replacement series. Short dashes indicate that 
a tooth is present but the accessory cusps 
could not be counted. 

The data show that accessory cusp number 
varies not only from one series to the next, 
but is sometimes extremely variable within 
a given series, e.g., upper right row 8; lower 
right rows 4, 8; lower left rows 4, 5. Moreover 
in AMNH 4692 the cusp number is asym- 
metrical, so some teeth in upper left rows 5 
and 6 and lower left rows 1, 4, and 5 have 


up to four accessory cusps on either side of 
the principal cusp, whereas no teeth on the 
right side have this many accessory cusps. In 
upper left row 5 there may be up to four 
posterior accessory cusps. The number of ac- 
cessory cusps often increases within a re- 
placement series (e.g., lower left anterior ac- 
cessories, row 1; posterior accessories, row 5; 
all accessories, row 4), but cusp numbers may 
also decrease (e.g., lower right anterior ac- 
cessories, row 2). Comparable variation has 
not been reported in modern sharks, but it 
was found in some Carcharias jaws examined 
by the author. 

The teeth in figure 18 are drawn to scale. 
Note that lower left and right anterior teeth 
are disparate in size, with much larger an- 
teriors in the left ramus. Left and right teeth 
are of equivalent size only after row four. 
This curious abnormality has also been seen 
in BM(NH) P6356, which suggests that the 
size difference is genetically controlled and 
that many H. basanus specimens from Coo- 
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den may be from a single original interbreed- 
ing population. 

The fourth series of upper left teeth in 
AMNH 4692 is interesting as the teeth are 
abnormally shaped. The outermost tooth is 
incomplete, but its cusps are twisted and 
gnarled, while its base is very poorly formed. 
The succeeding tooth in the series is also in- 
complete, but it had normal posterior acces- 
sory cusps. Lying between these two teeth, 
and extending between two teeth of the ad- 
jacent (preceding) series is an isolated, ab- 
normal tooth. Its cusps are twisted, but not 
so badly as the first tooth of row four. 

Teeth of the fifth lower left series are also 
malformed, but only the largest anterior ac- 
cessory cusp is affected. The cusp is reflected 
outward (labially) in the first tooth. In the 
second and fourth tooth this cusp is only 
slightly out of line with the others, and in the 
third tooth it is normal. Variation of this kind 
within a replacement series has never been 
reported in modern sharks. In Hybodus ba- 
sanus this variation suggests that ‘“‘mistakes”’ 
sometimes occurred when tooth germs were 
being formed within the dental lamina, but 
that these “‘mistakes” could be ‘“‘corrected”’ 
and could even recur. This contrasts with the 
fairly widespread tooth reversal phenome- 
non of some modern sharks, which is appar- 
ently irreversible (Gudger, 1937; Compagno, 
1967; Reif, 1978a, 1980). Tooth reversal has 
not been found in H. basanus. Reif (1980) 
has suggested a mechanism for tooth reversal, 
in which a polarized tooth germ is split in 
such a way that the polarity of one part is 
reversed. There is some evidence from the 
alignment of teeth in the fourth upper left 
series of AMNH 4692 that a tooth germ was 
split, but there is no evidence for this in the 
fifth lower left series. Unless the tooth germ 
is irreversibly split, there seems to be a rea- 
sonable chance that localized disturbances in 
the dental lamina can be corrected, unless the 
cause of the disturbance is persistent (such as 
the way the teeth interlock) or is under genetic 
control. 
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SCALES 


The head of Hybodus basanus is covered 
by a shagreen of fine, pointed scales (figs. 21, 
22). In addition, oropharyngeal denticles ap- 
parently lined much, if not all of the buccal 
cavity (fig. 7A). Morphologically there is little 
to distinguish them from body scales. In this 
respect, H. basanus differs from early hybo- 
dontids such as H. delabechei and H. fraasi, 
in which the squamation is differentiated into 
regions (Brown, 1900; Reif, personal com- 
mun.). 

So far, only non-growing scales have been 
found in H. basanus (fig. 23). In this respect 
H. basanus resembles H. fraasi (Brown, 1900) 
but differs from earlier Jurassic hybodonts. 
Reif (1978b) found both growing and non- 
growing scales in H. delabechei and other 
species. The scale structure of H. basanus is 
otherwise typical of Mesozoic hybodontids. 
The cusp is ornamented by numerous lon- 
gitudinal ridges. At the crown base are many 
neck canals, although a neck itself is not well 
developed (fig. 23E, F). The base is flat, 
slightly convex or concave, with several basal 
canals. It consists of a cellular bone but grades 
into osteodentine and ultimately into ortho- 
dentine in the crown. 

The main variation of Hybodus basanus 
scales and oropharyngeal denticles is the acu- 
ity and curvature of their crowns. Oropha- 
ryngeal denticles from the front of the mouth 
are recurved posteriorly more than those 
nearer the jaw-joint, and have a slightly more 
attenuated crown. 

- Oropharyngeal denticles lining the roof of 
the buccal cavity are low-crowned, with a 
single strongly striated crown (fig. 23C, D). 
They are packed close together, only thinning 
out posterolaterally, where the skin was prob- 
ably folded and loosely attached at the junc- 
tion of the palatoquadrate and suborbital 
shelf. The dorsal surface of the “‘tongue”’ is 
also covered by dense scales, but these are 
slightly more acuminate. These scales lay not 
only over the hyoid arch, but extended back 


a 


Fic. 23. Scanning electron microscope photographs of Hybodus basanus scales (courtesy of W. E. 
Reif, Tiibingen). Neck canals visible in (e) and (f). (a, b) body scale from corner of mouth, in (a) anterior 
and (b) right lateral view. (c-f) oropharyngeal scales; (c, d) scale in (c) posterior and (d) coronal view; 
(e, f) other scales in posterolateral views. Approximately X75. 
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over the basibranchial region. In general ap- 
pearance the oropharyngeal scales of H. ba- 
sanus are reminiscent of Paleozoic “‘Petro- 
dus’ scales. 

According to Nelson (1970), pharyngeal 
denticles are primitively distributed through- 
out the oropharyngeal region of gnatho- 
stomes, a condition which persists in a va- 
riety of neoselachians, e.g., Notorhynchus 
maculatus, Ginglymostoma cirratum, Chlam- 
ydoselachus anguineum. In some neosela- 
chians, especially triakids and carcharhinids, 
denticles are absent from much of the dorsal 
region of the oropharynx, except on the 
“tongue” and overlying the branchial arches 
as pharyngeal pads. As far as the roof of the 
buccal cavity and region behind the hyoid 
are concerned, H. basanus conforms to Nel- 
son’s presumed primitive condition, al- 
though it has not been possible to determine 
denticle distribution farther back in the vi- 
cinity of the visceral arches. 

Body scales from near the corner of the 
mouth are strongly recurved posteriorly, and 
have several axial ridges (fig. 23A, B). Scales 
from around the orbits and dorsal region are 
of two types. Some have a stout crown with 
a few prominent ridges, whereas others have 
a laterally compressed, bladelike crown with 
a semi-serrated crest and several moderate 
lateral ridges. The latter pattern resembles the 
growing scales of earlier hybodontids. It has 
not been possible to ascertain the precise ar- 
rangement of body scales in H. basanus ex- 
cept in the parietal region of BM(NH) P6356 
(fig. 22) where they are spaced apart fairly 
evenly. 


FINSPINES AND CERATOTRICHIA 


Displaced finspines are associated with 
some Hybodus basanus heads, e.g., inside the 
oropharyngeal region of BM(NH) P6356. The 
finspines are of typical hybodontid form 
(Maisey, 1975, 1978), with axial ribbing an- 
teriorly and laterally, a double row of pos- 
terior hook-denticles, and a gently convex 
posterior spine wall which is open basally for 
about half the length of the spine. Finspines 
of BM(NH) P6357 (Woodward, 1891, pl. 1; 
1916, fig. 5) closely resemble those associated 
with heads. It is, however, very difficult to 
establish conspecificity. Ceratotrichia are ex- 
posed in the dorsal fins of BM(NH) P6357, 
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Fic. 24. Hybodus basanus cephalic spine, from 
BM(NH) P11817. British Museum (Nat. Hist.) 
photograph. 


but are so poorly preserved as to have been 
overlooked by Woodward (1891, 1916). 


CEPHALIC SPINES 


In Hybodus basanus there is one cephalic 
spine on each side of the head, near the base 
of the postorbital process (fig. 24) and dorsal 
to the lateral otic process. These spines ap- 
parently occur only in males (Woodward, 
1889b, 1916; Brown, 1900; Koken, 1907). 
Not all specimens are preserved well enough 
to determine whether they bore cephalic 
spines. The following specimens either had 
spines or a cartilaginous boss to support one: 
BM(NH) P11872, BM(NH) P6103, BM(NH) 
P11871 (figured by Woodward, 1916), 
BM(NH) P60110. 


DISCUSSION 


Relatively few fossil sharks are known well 
enough for their cranial anatomy to be com- 
pared with Hybodus basanus. Although de- 
tailed anatomical knowledge of modern 
sharks is now much improved over just a few 
years ago, information concerning the cranial 
morphology of fossil representatives of ex- 
tant elasmobranch groups is virtually non- 
existent. We know much more about the neu- 
rocranium of Hybodus, Xenacanthus, and 
Tamiobatis than about late Jurassic hexan- 
choids and heterodontids. When other Pa- 
leozoic sharks are considered along with Xen- 
acanthus and Tamiobatis (e.g., ‘““Cladodus,” 
Cladoselache, Tristychius, and Cobelodus), it 
becomes evident that available data are dis- 
tributed through geological time rather like 
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sand in an hourglass, with Hybodus basanus 
representing virtually all the middle ground. 
Under these circumstances it is hardly sur- 
prising that Hybodus has historically been 
credited with some intermediate status be- 
tween Paleozoic and modern sharks (e.g., 
Woodward, 1886a, 1886b; Zittel, 1911; Berg, 
1955; Schaeffer, 1967). Unfortunately this 
situation remains essentially unchanged. The 
odds are fairly good that as the only Mesozoic 
shark known in detail, Hybodus is more 
closely allied to modern forms than the Pa- 
leozoic ones, and previous authors have 
mostly sought to confirm such a view. 

Simply considering only those sharks whose 
cranial anatomy is known in some detail, 
Schaeffer (1981, fig. 26) produced a hypoth- 
esis of relationship in which Xenacanthus, 
Tamiobatis, Ctenacanthus, and ‘“‘Cladodus”’ 
belong to a sister group of Hybodus and mod- 
ern elasmobranchs. Schaeffer (ibid.) regarded 
two cranial characters as synapomorphies of 
Hybodus and modern elasmobranchs, name- 
ly the presence of an ectethmoid process (his 
character no. 6), and the position of the oc- 
cipital arch “not projecting behind capsules 
and with most. . . occipitospinal nerves leav- 
ing braincase through vagus canal” (Schaef- 
fer’s character no. 19b). 
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Schaeffer (1981, p. 48) argues that the “‘ect- 
ethmoid process” of placoderms (e.g., Sten- 
s16, 1963; Goujet, 1975; Young, 1980) ac- 
tually correspond to the ethmoid articulation 
of Xenacanthus (and presumably of Hybo- 
dus). From Schaeffer’s Xenacanthus material 
it is not possible to determine whether an 
orbitonasal canal (and, by implication, a 
planum antorbitale lateral to it; DeBeer, 1931) 
is present. In PU 22391, however, there is a 
canal which seems to correspond with the 
orbitonasal canal of Hybodus and modern 
sharks (fig. 13, fonv). Thus in XYenacanthus 
and Hybodus there appears to have been a 
cartilaginous planum antorbitale which could 
give rise to an ectethmoid process. 

Comparison between the occipital regions 
of Hybodus, Xenacanthus, and modern sharks 
(e.g., fig. 15; for the purpose of this discus- 
sion, Zamiobatis and Xenacanthus are sim- 
ilar) suggests that their arrangements are fun- 
damentally different (see earlier discussion). 
The occipital arch in modern elasmobranchs 
is almost completely flanked by the otic cap- 
sules. Spino-occipital nerves exit from the 
braincase mostly via the vagus canal (Schaef- 
fer, 1981, p. 59). In Xenacanthus, Tamio- 
batis, and Hybodus only the anteriormost part 
of the occipital arch lies between the otic cap- 


Fic. 25. 


Basicranial circulation in (a) Hybodus basanus (hypothetical); (b) Heterodontus (from dis- 


sections); and (c) Chlamydoselachus (after Allis, 1923). 
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sules. As Schaeffer (1981) noted, the extent 
to which the occipital segment is so situated 
is greater in Xenacanthus than in Tamiobatis. 
I do not find appreciable differences in the 
extent to which the occipital arch extends 
between the otic capsules in Yenacanthus and 
Hybodus; the main difference here is the re- 
tention of an open otico-occipital fissure by 
Xenacanthus. It was noted earlier that 
BM(NB) P50869, a lower Jurassic hybodont, 
has several spino-occipital nerves, and that 
H. basanus is similar. In BM(NH) P60110 
(H. basanus) and also in BM(NH) P2203d 
(H. reticulatus), two or three ventral spino- 
occipital nerves emerge on the lateral surfaces 
of the occipital arch, essentially behind the 
vagus-glossopharyngeal fossa. It is concluded 
that the apomorphic features noted by Schaef- 
fer (1981) in the occipital arch of modern 
elasmobranchs are not found in Hybodus. 

Are there any cranial characters of Hybo- 
dus and modern elasmobranchs that can be 
recognized as synapomorphies of these forms? 
The inadequacy of the selachian fossil record 
makes it hard to determine whether any of 
the similarities between neurocrania of Hybo- 
dus and modern sharks can be regarded as 
synapomorphies. There is some evidence to 
suggest that a persistent adult otico-occipital 
fissure was more widespread than Schaeffer 
(1981) proposed. The condition of this char- 
acter in Cladoselache (his outgroup to all oth- 
er sharks) is unknown. It is possible that clo- 
sure of the otico-occipital fissure in adult 
Hybodus and modern sharks is an apomor- 
phic condition. Hybodus and modern sharks 
would be separated from Xenacanthus by for- 
mation of a discrete glossopharyngeal canal, 
which may (e.g., Hybodus, Chlamydosela- 
chus) or may not be confluent with the vagus 
canal. 

The present study of H. basanus does not 
contradict the majority of Schaeffer’s (1981) 
general conclusions regarding chondrichthy- 
ans, but a few comments on some of his 20 
cranial characters (listed below) are called for: 

1. Prismatic calcification seems to be a 
chondrichthyan synapomorphy. Multiple 
layering of the prismatic tissue is much more 
widespread than was originally thought, how- 
ever. 

2. Presence of an open otico-occipital fis- 
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sure 1S more widespread among Paleozoic 
sharks than previously thought. 

4. The rostrum of modern sharks may not 
correspond to the “rostrum” of Xenacanthus, 
as suggested by Schaeffer (1981). The latter 
structure corresponds closely with the inter- 
nasal keel of Hybodus, which is ventral to the 
rostral bar at the anterior margin of the pre- 
cerebral fontanelle. 

5. The posterior rim of the precerebral 
fontanelle is notched (probably for a pineal 
organ) in some well-preserved specimens of 
Xenacanthus (figs. 11, 14B). Paired foramina 
(interpreted as openings for the anterior ce- 
rebral veins) are situated in the fontanelle 
floor of Hybodus and Xenacanthus, suggest- 
ing that not all this region was originally ex- 
tracranial. 
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Fic. 26. Scanning electron microscope pho- 
tographs of ostracods identified as Cypridea wich- 
eri torosa, from a Hybodus basanus head, BM(NH) 
40718. 
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6. An ectethmoid process as in modern 
sharks was probably present in Xenacanthus, 
Hybodus, and Tristychius. 

12. Although Schaeffer (1981, p. 52) men- 
tioned the presence of a distinct perilym- 
phatic fenestra and endolymphatic foramen 
in Hybodus, these structures are not well de- 
fined and remain uncertain. 

13. The morphology and occurrence of the 
hypotic lamina and glossopharyngeal canal 
has already been discussed; the latter is po- 
tentially useful as a synapomorphy of Hybo- 
dus and modern sharks, but requires further 
outgroup testing. 

Since Hybodus basanus is at present the 
only Mesozoic shark in which the cranial 
anatomy is known in any detail, it is perhaps 
inevitable that this form will be subject to 
considerable scrutiny by those who wish to 
study elasmobranch phylogeny. It is hoped 
to continue the present study, in order to es- 
tablish the extent to which H. basanus is rep- 
resentative of Mesozoic hybodont sharks. The 
recent discovery of hybodont-like sharks in 
Carboniferous rocks generates the possibility 
that Hybodus and its Mesozoic allies are only 
remotely related to modern elasmobranchs, 
and perhaps other Paleozoic sharks are more 
closely related to modern ones than is Hyb- 
odus. 
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